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A  STUDY  OF  THE  FORMS  IN  WHICH  SULPHUR  OCCURS 

IN   COAL 


I.     Introduction 


1.  Present  Status  of  Knowledge  of  Sulphur  in  Coal. — Although 
carbon,  hydrogen,  and  oxygen  are  generally  considered  to  be  the  three 
important  elements  in  coal,  sulphur  often  forms  a  large  portion  of  the 
coal  substance.*  In  Illinois  coals  the  sulphur  often  weighs  as  much 
or  more  than  the  quantity  of  hydrogen,  but  the  behavior  of  these  sub- 
stances is  radically  different.  The  heat  value  of  sulphur,  for  example, 
is  less  than  one-twelfth  that  of  hydrogen.  The  products  of  combustion 
moreover  differ  widely,  the  sulphur  burning  to  an  acid  and  the  hydrogen 
to  water.  Other  marked  differences  occur  in  the  processes  of  com- 
bustion and  of  coking.  These  differences  are  modified  to  a  certain 
extent  by  the  original  forms  in  which  the  sulphur  occurs  in  the  coal 
substance.  From  these  considerations  it  is  obvious  that  a  knowledge 
of  sulphur  in  its  initial  forms  in  coal  is  highly  desirable. 

For  some  time  sulphur  in  coal  has  been  known  to  be  combined  with 
iron  as  iron  pyrites  and  marcasite,  both  of  which  have  the  formula 
FeS2.  Very  small  quantities  of  sulphates  also  are  found,  but  the 
amount  is  so  small,  especially  in  freshly  mined  coal,  that  it  is  almost 
neghgible.  Free  sulphur  has  been  suspected  to  be  present  in  coal,  but 
its  presence  is  the  exception  rather  than  the  rule.  Iron  pyrites  is 
undoubtedly  the  chief  inorganic  sulphur  compound  found  in  any  great 
quantity  in  coal. 

There  are  many  indications  that  organic  sulphur  compounds  form 
a  large  part  of  the  sulphur  in  coal,  but  the  nature  of  these  compounds 
or  the  amount  of  sulphur  so  combined  has  never  been  determined  prior 
to  this  investigation.  Since  the  organic  sulphur  had  its  source  in  the 
protein  sulphur  of  the  plant  and  animal  life  from  which  the  coal  was 
formed,  it  is  probable  that  these  compounds  in  the  coal  are  degradation 
products  of  the  original  material. 

Methodsf  for  the  analysis  of  the  total  sulphur  of  coal  are  numerous 
and  need  not  be  described  here.     They  all  depend  upon  the  general 


*See  Appendix  I  for  a  historical  discussion  of  the  constitution  of  coal. 

tSee  Appendix  II  for  a  historical  discussion  of  the  development  of  a  method  for  analyzing  the 
forms  of  sulphur  in  coal. 
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principle  of  completely  oxidizing  the  sulphur  to  the  sulphate  form  and 
then  precipitating  it  as  barium  sulphate.  No  reliable  and  accurate 
method,  however,  has  been  devised  for  estimating  each  form  of  sulphur 
in  coal.  The  method  generally  used  at  the  present  time  is  indirect 
and  makes  use  of  the  following  assumptions.  All  the  sulphur  in  coal 
is  assumed  to  be  present  as  pyrites,  or  marcasite  sulphates,  and  organic 
sulphur.  The  amount  of  sulphate  sulphur  is  estimated  by  dilute 
hydrochloric  acid  extraction.  In  addition  to  the  determination  of 
sulphate  sulphur  in  the  extract,  the  iron  is  also  determined.  The 
remainder  of  the  iron  in  the  coal,  which  is  obtained  by  subtracting  the 
extract  iron  from  the  total  iron,  is  assumed  to  be  combined  with  sulphur 
to  form  pyrites.  By  a  simple  stoichiometrical  calculation  the  pyritic 
sulphur  may  be  determined.  Since  only  three  forms  of  sulphur  were 
assumed  to  be  present,  the  organic  sulphur  content  is  calculated  by 
subtracting  the  amount  of  the  two  inorganic  forms  from  the  total 
sulphur. 

Investigations  prove  that  coal  undergoes  considerable  oxidation 
while  in  storage,  to  some  extent  when  it  is  in  free  contact  with  the  air, 
but  to  a  less  extent  when  it  is  stored  in  air  tight  containers.  The  oxi- 
dation of  the  coal  substance  as  a  whole  includes  the  oxidation  of  the 
sulphur  in  coal.  The  iron  pyrites  oxidizes  to  the  sulphate  form  so  that 
whereas  fresh  coal  generally  contains  only  a  trace  of  sulphates,  coal 
after  being  stored  two  or  three  years  may  have  the  major  portion  of 
the  inorganic  sulphur  present  as  sulphate. 

When  coal  is  subjected  to  destructive  distillation  not  in  contact 
with  air,  the  sulphur  present  divides  between  the  residue  and  the 
volatile  matter.  The  ratio  between  the  residual  sulphur  and  the  vola- 
tile sulphur  in  coal  varies  between  wide  limits.  It  remains  fairly  con- 
stant, however,  for  the  same  coal.  The  factors  which  control  this 
ratio  are  not  yet  determined  except  in  a  very  general  manner.  Certain 
coal  constituents,  entirely  separate  from  the  sulphur  containing  com- 
pounds, may  have  an  effect  on  the  percentage  of  sulphur  retained  in 
the  coke,  but  in  all  probability  the  decisive  factor  affecting  the  sulphur 
content  is  the  relative  amounts  of  the  different  sulphur  forms  present. 

The  sulphur  in  the  volatile  matter  resulting  from  the  destructive 
distillation  of  coal  is  in  the  form  of  hydrogen  sulphide  or  thiophen 
derivatives,  but  the  nature  of  the  sulphur  retained  in  the  coke  has  never 
been  fully  determined.  A  portion  of  it  is  known  to  be  present  in  the 
form  of  sulphides,  but  the  larger  part  seems  to  exist  in  organic  com- 
bination. 
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2.  Purpose  of  the  Proposed  Study. — The  purpose  of  this  investi- 
gation has  been  to  make  a  thorough  study  of  the  nature  of  the  sulphur 
containing  compounds  in  coal,  the  quantity  of  each  form  present,  and 
the  change  which  characteristic  forms  undergo  when  the  coal  is  allowed 
to  stand  or  is  subjected  to  coking.  It  has  been  stated  that  coal  was 
assumed  to  contain  three  types  of  sulphur  compounds.  The  present 
investigation  was  undertaken  to  prove  or  disprove  the  presence  of  these 
types,  to  find  out  if  other  types  exist  and  to  devise  methods  for  the 
quantitative  study  of  each  form. 

With  this  preliminary  work  as  a  background,  the  changes  which  the 
sulphur  in  coal  underwent  through  oxidation  and  the  factors  entering 
into  these  changes  were  then  studied.  The  question  of  pyrites  as  a 
cause  of  spontaneous  combustion  in  coal  and  the  question  of  the  dete- 
rioration of  heating  value  are  closely  connected  with  the  oxidation  of 
sulphur  in  coal.  For  this  reason  a  study  of  some  of  the  conditions 
governing  the  phenomenon  was  of  practical  importance. 

A  practical  application  of  the  sulphur  in  coal  study  is  the  coking  of 
coal.  The  purpose  of  this  investigation  was  not  only  to  determine 
some  relationship  between  the  amounts  of  the  various  sulphur  forms  in 
coal  and  the  residual  sulphur  left  in  coke,  but  also  to  determine  the 
nature  of  the  sulphur  retained  in  the  coke.  A  knowledge  of  these 
conditions  would  be  at  least  one  step  toward  a  means  for  controlling 
the  sulphur  content  of  coke. 

3.  Conclusions. — A  study  of  the  data  contained  hereinafter  sug- 
gests the  following  conclusions: 

(1)  The  sulphur  of  coal  occurs  in  four  characteristic  forms,  two  of 
them  organic  and  two  inorganic. 

(a)  If  the  resinic  organic  type  is  shown  to  be  organic  sulphur 
by  its  lack  of  an  ash,  its  presence  in  that  portion  of  the  organic 
material  soluble  in  phenol  indicates  its  association  with  that  sub- 
stance. 

(b)  The  humus  organic  sulphur  is  shown  to  be  organic  by  the 
very  small  amount  of  ash  in  the  compounds  in  which  it  occurs. 
These  compounds  are  shown  to  be  closely  related  to  humus  sub- 
stances by  their  chemical  action. 

(c)  The  pyritic  or  marcasitic  sulphur  is  present  as  FeS2  as 
indicated  by  the  iron-sulphur  ratio  when  the  pyrites  is  oxidized 
and  taken  into  solution. 
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(d)  The  sulphate  sulphur  is  shown  to  be  such  by  the  fact  that 
it  dissolves  in  dilute  hydrochloric  acid  as  sulphate  without  pre- 
liminary oxidation. 

All  four  forms  have  therefore  been  definitely  proved  present,  and 
only  these  forms  exist  in  the  coal  since  the  combined  percentages 
account  for  all  the  sulphur.  Free  sulphur  was  not  found  in  any  of  the 
samples  of  coal  and  is  presumably  absent  except  in  unusual  cases  where 
it  might  occur  in  small  quantities  as  a  decomposition  product  of  pyrites. 

(2)  The  early  method  of  determining  the  forms  of  sulphur  in  coal 
gives  high  results  for  the  pyritic  sulphur  and  low  results  for  the  organic 
sulphur.  The  method  developed  in  this  investigation  is  decidedly  more 
nearly  accurate  for  the  analysis  of  the  different  forms  of  sulphur  in  coal. 

(3)  Some  of  the  sulphur  in  coal,  probably  in  the  form  of  iron 
pyrites,  is  oxidized  gradually  to  the  form  of  sulphate.  One  of  the  chief 
factors  in  this  reaction  seems  to  be  the  length  of  time  of  standing.  An 
excess  of  air  has  no  very  decisive  effect  upon  oxidation;  in  fact,  coal 
kept  in  a  tightly  stoppered  flask  oxidizes  freely. 

(4)  The  reaction  seems  to  be  ha;stened  by  the  presence  of  bacteria 
or  some  catal>lic  agent.  This  influence  is  not  evident  at  flrst,  probably 
because  of  the  large  amount  of  free  oxygen  present  in  the  flask. 

(5)  The  amount  of  soluble  sulphate  formed  by  the  reaction  is 
less  than  it  would  be  if  the  amount  of  soluble  iron  is  taken  as  a  criterion. 
This  fact  suggests  the  union  of  some  of  the  oxidized  sulphur  with  the 
organic  matter  of  the  coal. 

(6)  It  seems  probable  from  this  investigation  that  when  the  coal  is 
coked  the  sulphur  forms  of  the  coals  change  as  follows: 

(a)  The  sulphate  sulphur  is  retained  by  the  coke  but  in  some 
form  other  than  inorganic  sulphate. 

(b)  The  pyritic  sulphur  is  partially  volatilized  and  a  portion 
is  also  left  in  the  coke,  probably  as  sulphide  sulphur.  All  the 
pyrites  is  decomposed. 

(c)  Most  of  the  resinic  sulphur  is  left  in  the  coke,  but  in  a  form 
different  from  that  existing  in  the  coal. 

(d)  The  humus  sulphur  volatilizes  partly  but  some  is  left  in 
the  coke  in  a  changed  form. 
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(7)  The  forms  of  sulphur  in  the  coke  were  studied,  but  they  were 
not  fully  identified.  A  small  part  of  the  sulphur  exists  as  sulphide, 
and  the  remainder  is  probably  in  combination  with  carbon.  This  last 
form  is  extremely  stable  to  strong  acids,  oxidizing  agents  and  heat, 
but  readily  gives  up  its  sulphur  as  hydrogen  sulphide  when  subjected 
to  the  action  of  nascent  hydrogen. 

(8)  During  the  coking  process,  secondary  reactions  between  con- 
stituents of  the  coal  and  decomposed  sulphur  compounds  affect  the 
quantity  of  sulphur  retained  by  the  coke. 
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II.     The  Development  of  a  Method  for  Analyzing  the 
Different  Forms  of  Sulphur  in  Coal* 

4.  The  Method  Involving  the  Use  of  Organic  Solvents. — The  first 
method  used  to  determine  the  different  forms  of  sulphur  in  coal  was  that 
of  organic  solvents  for  removing  the  organic  compounds  ^vith  the  idea 
that  possibly  all  the  organic  sulphur  would  be  acted  upon  by  the  solvent 
employed  and  would  be  found  in  the  extract. 

The  solvent  which  extracted  the  greatest  amount  of  material  was 
phenol.  In  a  few  cas?s,  the  amount  of  sulphur  in  this  extracted  mate- 
rial was  determined,  but  since  this  was  both  a  difficult  and  time-con- 
suming procedure  only  the  insoluble  residue  was  analyzed  for  its  sulphur 
content.  The  difference  between  the  amount  found  and  the  total 
sulphur  was  the  sulphur  in  the  extract.  It  is  seen  that  this  procedure 
calls  for  the  determination  of  the  total  sulphur.  If  in  that  connection 
the  total  iron  is  also  determined,  the  assumption  may  be  made  that 
all  the  inorganic  sulphur  is  combined  with  the  iron  either  as  FeS2  or 
FeS04.  If  this  assumption  is  correct,  all  the  factors  necessary  for 
determining  the  various  forms  of  sulphur  present,  namely,  the  total 
sulphur,  the  inorganic  sulphur  as  sulphate  and  pyrites  and  by  difference, 
the  organic  sulphur,  might  be  found  in  the  phenol  soluble  extract  or 
divided  between  that  material  and  the  cellulosic  or  insoluble  residue. 

This  method  for  determining  the  different  sulphur  forms  was  pro- 
visional and  had  no  exact  experimental  confirmation  but  was  regarded 
as  the  best  method  available  at  the  time.  The  anal^iical  procedure 
was  as  follows.  The  percentage  of  all  constituents  was  based  upon  the 
coal  as  weighed  out  for  analysis.  A  sample  of  coal  was  obtained, 
together  with  any  information  concerning  where  and  how  recently  it 
had  been  mined  and  any  other  facts  which  seemed  pertinent  to  the 
investigation.  No  effort  was  made  to  get  representative  samples,  since 
a  study  of  the  compounds  in  one  piece  of  coal  would  give  results  similar 
to  those  of  a  mixed  sample,  as  far  as  the  general  composition  of  the  coal 
and  a  method  of  analysis  were  concerned.  This  sample  was  then 
ground  to  about  pea~size  by"a~rotary~crusher ;  then  the  coal  was  spread 
out  in  a  thin  layer  for  several  hours  to  secure  in  the  sample  the  moisture 
conditions  of  the  room.  It  was  then  ground  to  100-mesh  size  and 
stored  in  an  air-tight  container. 

*See  Appendix  II  for  a  histoiical  account  of  the  development  of  a  method  by  other  investigators. 
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A  total  sulphur  and  a  total  iron  determination  were  made  on  a  small 
quantity  of  the  sample,  and  on  a  larger  quantity  a  determination  of  the 
sulphur  and  the  iron  which  were  soluble  in  dilute  hydrochloric  acid. 
The  percentage  of  total  iron  minus  the  percentage  of  hydrochloric-acid- 
soluble  iron  was  considered  to  be  the  percentage  of  pyritic  iron  in  the 
sample.  From  this  result  pyritic  sulphur  was  estimated,  it  being 
assumed  that  pyrites  always  has  the  formula  FeS2.  The  sulphate 
sulphur  was  assumed  to  be  that  obtained  in  the  hydrochloric  acid 
extract.  The  organic  sulphur  was  then  taken  as  the  difference  between 
the  total  sulphur  and  the  sum  of  the  two  inorganic  forms. 

The  method  used  for  determining  the  total  sulphur  and  iron  in  the 
coal  was  that  of  Eschka  and  Fresenius.  Although  the  results  for  the 
sulphur  were  fairly  good,  those  for  the  iron  were  generally  too  low.  A 
sodium  peroxide  fusion  method,  which  gave  excellent  results,  was  then 
substituted;  consequently  this  substitute  method  was  used  during  the 
investigation  for  the  analysis  not  only  of  the  coal,  but  also  for  sulphur 
and  iron  in  all  residues. 

This  fusion  was  performed  in  a  pure  nickel  crucible,  having  a  loose 
fitting  lid  and  a  capacity  approximating  50  cc.  Some  sodium  peroxide 
was  placed  in  the  bottom,  on  top  of  which  was  placed  the  substance 
to  be  analyzed  in  the  form  of  a  fine  powder.  Sodium  peroxide  was  then 
added  until  the  crucible  was  about  half  full,  the  amount  depending 
upon  the  quantity  of  coal  substance  used.  With  coal  itself,  half  gram 
samples  were  used.  The  contents  were  thoroughly  mixed  by  means 
of  a  glass  stirring  rod,  and  a  thin  layer  of  sodium  peroxide  was  sprinkled 
over  the  top.  The  lid  was  put  in  position  and  held  in  place  by  a  piece 
of  metal  weighing  a  few  ounces.  The  charge  was  ignited  by  using  a 
Bunsen  burner  to  heat  the  outside  of  the  crucible.  Almost  without 
exception,  complete  combustion  of  the  organic  matter  occurred  in  a  few 
seconds,  without  any  of  the  charge  blowing  out  under  the  lid.  After 
the  crucible  had  cooled  somewhat,  the  fusion  was  dissolved  out  with 
water.  The  alkaline  solution  was  carefully  acidified  with  hydrochloric 
acid  and  filtered. 

From  this  point  in  the  analysis  there  was  little  variation  from  the 
ordinary  methods  of  determining  iron  and  sulphur  in  a  solution.  The 
hot  solution  was  poured  into  a  slight  excess  of  ammonia  and  the  mixture 
stirred  to  coagulate  the  ferric  hydroxide.  This  hydroxide  was  filtered 
off  and  dissolved  from  the  filter  by  using  concentrated  hydrochloric 
acid,  and  the  amount  of  iron  was  determined  by  the  usual  Zimmermann- 
Reinhardt  process.     Since  the  quantities  of  iron  were  small  in  nearly 
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all  cases,  the  potassium  permanganate  solution  used  was  weak,  its 
strength  being  about  one-fortieth  normal. 

The  filtrate  from  the  ferric  hydroxide  was  made  slightly  acid  with 
hydrochloric  acid.  When  it  was  brought  to  boiHng  10  cc.  of  10  per  cent 
barium  chloride  were  added  slowly.  The  solution  was  heated  and 
stirred  for  some  time  in  order  to  prevent  the  passing  of  barium  sulphate 
through  the  filter.  Since  this  precipitate  was  small,  a  slight  loss  would 
cause  a  large  percentage  error.  After  filtering,  the  filter  was  ignited 
in  a  porcelain  crucible  and  the  barium  sulphate  weighed. 

The  method  outlined  in  the  preceding  paragraphs  varies  in  two 
particulars  from  the  one  ordinarily  used.  No  oxidizing  agent  is  added 
before  precipitating  the  iron  or  the  sulphur,  since  the  sodium  peroxide 
fusion  has  insured  complete  oxidation.  A  second  precipitation  of  the 
iron  to  remove  any  basic  sulphate  is,  furthermore,  omitted,  because 
the  amount  of  precipitate  as  compared  wath  the  volume  of  the  solution 
is  so  small.  In  order  to  show  that  a  second  precipitation  was  unneces- 
sary and  that  the  method  used  was  accurate  enough  for  the  purposes 
of  the  investigation,  the  following  experiment  was  performed.  Two 
samples  of  pure  ferrous  ammonium  sulphate  were  weighed  out,  one 
corresponding  roughly  to  the  sulphur  content  of  one  gram  of  a  low 
sulphur  coal,  the  other  to  that  of  a  very  high  sulphur  coal.  The  sam- 
ples were  dissolved  in  very  dilute  hydrochloric  acid,  oxidized  by  boiling 
with  bromine  water,  and  then  run  through  the  analysis  just  described. 
The  results  of  this  experiment  are  presented  in  Table  1. 

Table  I 
Check  Analysis  of  Ferrous  Ammonium  Sulphate 

Weight  of  sample 0729  g.  .3080  g. 

Theoretical  per  cent  iron 14 . 3  14 . 3 

Per  cent  iron  determined 14 . 4  14 . 2 

Theoretical  per  cent  sulphur 16.4  16.4 

Per  cent  sulphur  determined 16.5  16.3 

It  will  be  noted  that  the  variation  between  the  theoretical  and 
actual  determination  is  very  small.  If  larger  samples  had  been  used, 
the  relative  error  would  probably  have  been  still  smaller.  Considering 
the  error  for  the  size  of  the  samples  of  coal  used,  the  error  when  using 
large  samples  would  not  be  greater  than  0.01  per  cent.  Since  no  con- 
clusions are  dra^NTi  within  this  amount,  the  method  is  suited  to  the 
conditions  of  the  work. 

The  sulphur  and  the  iron  of  coal  soluble  in  dilute  hydrochloric 
acid  were  determined  from  samples  of  the  coal  weighing  5  grams.     These 
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samples  were  treated  with  300  cc.  of  3  per  cent  hydrochloric  acid.  This 
mixture  was  allowed  to  digest  at  60  degrees  Centigrade  for  40  hours. 
The  solution  containing  the  soluble  iron  and  sulphate  sulphur  was 
filtered  off  and  oxidized  by  means  of  bromine  water.  Analyses  were 
then  made  for  both  sulphur  and  iron  by  the  method  previously  de- 
scribed. This  method  of  extraction  is  accurate  for  the  determination 
of  sulphates.  It  does  not  determine  other  sulphur  forms  present, 
however,  as  shown  by  the  fact  that  coals  known  to  contain  large 
quantities  of  pjTitic  and  organic  sulphur  yielded  no  sulphur  whatever 
by  this  means  of  extraction. 

These  methods  when  used  as  described  will  determine  the  percentage 
of  the  different  forms  of  sulphur  in  coal,  provided  the  assumptions 
previously  made  are  correct. 

The  next  step  in  the  investigation,  namely,  the  extraction  of  the 
coal  with  phenol,  was  made  in  a  manner  shghtly  different  from  that 
usually  employed.  Instead  of  dropping  hot  condensed  phenol  upon  the 
coal  in  an  extraction  thimble,  a  flask  containing  both  the  finely  powdered 
coal  and  the  phenol  was  heated  to  140  degrees  Centigrade  by  an  electric 
oven.  A  one-half  gram  of  coal  was  placed  in  a  100  cc.  Erlenmeyer 
flask.  An  air  condenser  about  two  feet  long  was  placed  in  the  neck 
of  the  flask  with  the  condensing  tube  extending  through  the  top. 
Twenty-five  cubic  centimeters  of  molten  phenol  were  poured  upon  the 
coal.  The  flask  was  placed  in  the  inner  chamber  of  the  electric  oven 
and  heated  at  a  temperature  of  140  degrees  Centigrade  for  20  hours, 
after  which  it  was  removed  and  the  contents  promptly  filtered  through 
a  Gooch  crucible.  The  flask  was  thoroughly  rinsed  with  alcohol  to 
remove  any  particles  of  residue  and  to  dissolve  the  excess  phenol  from 
the  residue  in  the  crucible.  An  ether  washing  followed,  the  residue 
being  allowed  to  dry  in  the  crucible. 

In  a  few  cases,  as  mentioned  in  the  foregoing,  the  extract  was 
analyzed  for  its  sulphur  content,  but  the  method  was  difficult  and  time- 
consuming.  When,  such  an  analysis  was  made,  the  dark  red  extract 
was  evaporated  in  a  porcelain  dish  heated  by  the  electric  oven.  When 
almost  all  the  phenol  had  been  driven  off,  the  dish  was  allowed  to  cool 
and  the  remaining  substance  was  carefully  removed  with  a  spatula. 
The  substance  was  finely  powdered  and  fused  with  sodium  peroxide 
in  order  to  get  the  sulphur  into  solution  to  analyze.  To  prevent  the 
oxidation  of  the  extracted  substance  while  in  the  oven,  a  slow  stream  of 
carbon  dioxide  was  passed  through  the  heating  chamber. 

The  most  convenient  way  of  determining  both  the  residual  and  the 
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extracted  sulphur,  however,  was  the  analysis  of  the  insoluble  residue. 
The  residue  was  emptied  from  the  Gooch  crucible  and  mixed  thoroughly 
with  sodium  peroxide.  The  analysis  from  this  point  was  the  same 
as  that  for  the  total  sulphur  in  coal.  Care  had  to  be  taken  to  make 
the  asbestos  mat  as  thin  as  possible,  since  the  subsequent  fusion  with 
sodium  peroxide  took  most  of  the  asbestos  into  solution  and  trouble 
might  be  encountered  later  with  the  silicic  acid  when  the  barium 
sulphate  was  precipitated.  With  this  precaution  observed,  the  solution 
did  not  need  to  be  evaporated  to  remove  the  silicic  acid,  since  it 
does  not  precipitate  with  barium  in  dilute  solutions.*  The  difference 
between  this  residual  sulphur  as  thus  determined  and  the  total  sulphur 
was  the  sulphur  extracted  by  the  phenol. 

5.  Description  of  Apparatus  Used. — A  cross-section  of  the  electric 
oven  especially  constructed  for  the  phenol  solution  experiments  in  this 
investigation  is  shown  in  Fig.  1.  The  cylindrical  casing  of  galvanized 
iron  was  made  14  inches  high  and  12  inches  in  diameter.  The  inner 
chamber  was  a  cylinder  of  heavy  iron,  10  inches  high  and  5  inches  in 
diameter,  wrapped  with  asbestos  paper  and  "nichrome"  resistance 
wire  in  the  form  of  a  coil.  Fifty  feet  of  No.  20  wire  was  wrapped  into  a 
one-quarter-inch  coil,  doubled  at  the  middle  and  coiled  around  the 
cylinder  ten  times  so  that  the  two  ends  came  out  at  the  top.  On  top 
of  this  wire  a  one-half-inch  layer  of  fireclay-water  glass  mixture  was 
placed,  and  the  space  between  the  inner  chamber  and  the  casing  was 
filled  with  an  asbestos-magnesia  compound.  An  alternating  current 
of  110  volts  was  used,  and  with  no  other  resistance  than  the  ^\are  of  the 
oven  the  current  flowing  was  3.1  amperes.  In  order  to  keep  the  tem- 
perature down  to  the  140  degrees  desired,  it  was  necessary  to  put  lamps 
in  the  circuit  for  resistance. 

In  the  experiments  by  Parr  and  Hadley  on  phenol  extraction,  an 
effort  was  made  to  exclude  air  from  the  extraction  chamber  by  the  use 
of  a  strea\n  of  carbon  dioxide.  The  method  used  in  the  present  investi- 
gation did  not  require  this  precaution  as  shown  by  the  following  experi- 
ment. Two  flasks  were  used,  one  of  which  had  the  air  condenser  open 
at  the  top  as  usual.  The  other  was  closed  by  connecting  it  to  a  U  tube 
containing  alkaline  p>Togallol.  This  U  tube  was  attached  to  another 
containing  water.  The  air  was  pumped  from  the  flask  and  allowed  to 
return  through  the  two  U  tubes;  thus  only  nitrogen  was  in  the  extraction 


*Hillebrand,  W.  F.,  "  Mineralogical  Xotes,"  U.  S.  Geological  Survey,  Bui.  167,  p.  73,  1900. 
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flask  during  the  entire  process.  After  the  usual  process  of  extraction 
these  results  were  obtained: 

Total  sulphur  in  coal 2 .  18  per  cent 

Residual  sulphur  with  open  condenser     .      .      .    2 .  03  per  cent 
Residual  sulphur  with,  nitrogen  atmosphere  .      .    2 .  06  per  cent 

In  several  other  cases  the  same  test  was  applied  and  no  essential  differ- 
ence in  results  was  noticed;  consequently  the  open  end  condenser  was 
used  in  nearly  all  the  extraction  work. 

6.  Description  of  Coal  Samples  Tested. — Ten  different  coals  were 
studied  during  the  investigation.  A  brief  description  of  each  is  pre- 
sented as  follows: 

Coal  No.  1.  A  Vermilion  County  coal  taken  from  an  Illinois  Traction  Company 
car  in  October,  1915. 

Coal  Xo.  2.  A  Vermilion  County  coal  obtained  from  a  mine  near  Georgetown, 
May  19,  1915. 

Coal  No.  3.  A  Vermilion  County  coal  collected  from  KeUy  No.  4  mine  at 
Westville,  March,  1916. 

Coal  No.  4.  A  Vermilion  County  coal  obtained  from  the  Danville  Colliery 
Company  at  Catlin,  October  25,  1916. 

Coal  No.  5.     A  Saline  County  coal  mined  near  Harrisburg,  April  1,  1915. 

Coal  No.  6.  A  Vermilion  County  coal  secured  from  the  Danville  Electric  Mine, 
June  10,  1915. 

Coal  No.  7.  A  VermOion  County  coal  secured  from  the  Danville  Colliery  Com- 
pany at  Catlin,  February  3,  1917. 

Coal  No.  8.  A  Tennessee  coal  of  the  Jellico  type,  knowTi  as  "Black  Beauty," 
obtained  about  May,  1917. 

Coal  No.  9.  A  Japanese  coal  containing  large  clumps  of  resinous  material, 
mined  December,  1913. 

Coal  No. 10.     A  Tennessee  coal  of  the  JeUico  tj'pe  obtained  April  1,  1915. 

Seven  of  the  ten  coals  used  were  from  Illinois,  one  of  these  coming 
from  Saline  County  and  the  other  six  from  Vermilion  County.  The 
\>rmilion  County  coals  were  most  suitable  for  the  investigation,  since 
their  sulphur  content  was  generally  high  and  they  contained  compara- 
tively large  amoun(:s  of  the  different  sulphur  forms.  Eastern  anthra- 
cites were  not  analyzed  since  they  contain  little  sulphur. 

The  samples  were  put  in  air-tight  containers  on  the  days  they  were 
obtained  and  studied  at  times  over  a  period  varying  from  one  day  to 
almost  three  years.  The  variation  in  the  age  of  the  samples  was 
advantageous  since  a  great  variety  of  data  concerning  the  sulphate 
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formed  could  be  obtained.  Sulphate  sulphur,  for  example,  increases 
rapidly  in  most  coals  during  storage;  consequently  the  hydrochloric- 
acid-soluble  iron  and  sulphur  were  redetermined  before  each  set  of 
data  on  a  coal  was  secured. 

The  proximate  analysis  of  each  of  these  coals  is  given  in  the  following 
table. 

Table  2 
Proximate  Analyses  of  Coals 
(Values  given  in  per  cent) 


Sample  Number 

Moisture 

Volatile  Matter 

Fixed  Carbon 

Ash 

1 

6.77 

41.37 

43.48 

8.38 

2 

4.26 

34.24 

45.29 

16.21 

3 

11.37 

35.85 

47.83 

4.95 

4 

5.98 

42.82 

45.90 

5..30 

5 

4.72 

34.73 

54.29 

6.26 

6 

5.54 

38.36 

40.13 

15.97 

7 

2.69 

42.81 

45.05 

9.45 

8 

1.63 

37.39 

58.22 

2.76 

9 

2.05 

44.47 

42.40 

11.08 

10 

3.53 

35.97 

59.54 

.     0.96 

The  analyses  for  sulphur  and  iron  on  each  of  the  coals,  calculated 
on  an  air  dry  basis,*  are  given  in  Table  3. 


Table  3 

Sulphur  and  Ikon  Content  of  Coals 

(Values  given  in  per  cent) 


Sample    Number 

Total  Sulphur 

Total  Iron 

HCl  sol.  Sulphiu- 

HCl  sol.  Iron 

1 

2.68 

1.36 

0.04 

0.14 

2 

2.18 

1,65 

0.17 

0.27 

3 

0.64 

0.21 

0.00 

0.06 

4 

2.14 

0.69 

0.05 

0.07 

5 

1.20 

0.55 

0.25 

0.20 

6 

5.00 

3.40 

1.31 

1.62 

7 

3.31 

1.87 

0.01 

0.07 

8 

1.02 

0.82 

0.01 

0.12 

9 

1.40 

0.95 

0.02 

0.29 

10 

0.94 

0.38 

0.02 

0.11 

In  this  table  an  effort  has  been  made  to  show  the  percentage  of 
hydrochloric-acid-soluble  sulphur  and  iron  when  the  phenol  extraction 
was  made.  As  previously  mentioned,  these  values  change  somewhat 
rapidly;  so  this  determination  was  repeated  at  intervals  during  the 
progress  of  the  investigation. 


♦Unless  otherwise  stated,  all  percentages  through  the  investigation  are  referred  to  the  basis  of 
the  air  dried  coal. 
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7.  Results  Obtained  by  Organic  Solvent  Methods. — Table  4  gives  the 
results  of  phenol  extraction  of  these  coals  and  a  comparison  with  the 
organic  and  inorganic  forms  of  sulphur  in  the  coal  as  calculated  from 
the  foregoing  data.  The  method  used  in  calculating  these  forms  of 
sulphur  has  been  indicated,  but  it  may  be  repeated  in  a  more  definite 
manner.  The  pyritic  sulphur,  that  is,  the  sulphur  combined  as  iron 
pyrites  or  marcasite,  was  deduced  by  subtracting  the  soluble  iron  from 
the  total  iron  and  then  multiplying  this  result  by  1 .  145  which  is  the 
chemical  factor  for  calculating  the  equivalent  of  sulphur  combined 
with  the  iron  when  the  two  are  associated  as  pyrite.  The  sulphate 
sulphur  was  considered  the  same  as  the  soluble  sulphur. 

Table  4 

Comparison  of  Sulphur  Extracted  by  Phenol  with  Organic  Sulphur 

(Values  given  in  per  cent) 


A 

B 

C 

D 

Total 
Organic  S 

E 
OrgaDic  S: 

F 
Difference 
between 

Sample 

Total 

Sulphur 

Sulphur 

by 

Soluble  in 

Total 

Number 

Sulphur 

as  FeS2 

as  Sulphate 

Difference, 
A— (B+C) 

Phenol 

Organic  S 

and  Phenol 

Soluble  S 

1 

2.68 

1.39 

0.04 

1.25 

0.42 

0.83 

2 

2.18 

1.58 

0.17 

0.43 

0.15 

0.28 

3 

0.64 

0.17 

0.00 

0.47 

0.20 

0.27 

4 

2.14 

0.71 

0.05 

1.38 

0.34 

1.04 

5 

1.20 

0.40 

0.25 

0.55 

0.16 

0.39 

6 

5.00 

2  03 

1.31 

1.66 

0.77 

0.89 

7 

3.31 

2.06 

0.01 

1.24 

0.50 

0.74 

8 

1.02 

0  SO 

0.01 

0.21 

0.10 

0.11 

9 

1.40 

0.75 

0.02 

0.63 

0.21 

0.42 

10 

0.94 

0.31 

0.02 

0.61 

0.12 

0.49 

It  may  easily  be  seen  from  this  table  of  experimental  results  that  no 
relationship  whatever  exists  between  the  amount  of  sulphur  extracted 
by  the  phenol  and  the  amount  calculated  to  be  present  as  organic  sul- 
phur, except  that  the  latter  is  always  considerably  larger  than  the  former. 
This  difference  in  results  maj''  be  due  to  any  one  of  several  conditions. 
The  phenol  may  not  extract  all  the  organic  sulphur  compounds,  or  the 
sulphur  may  be  present  in  some  undetermined  inorganic  form.  The 
standard  of  comparison  has,  moreover,  not  been  definitely  proved  cor- 
rect, for  the  iron  considered  to  be  pjTitic  iron  may  be  combined  with 
more  sulphur  than  the  theoretical  amount  for  pyrite,  or  it  may  be  com- 
bined wdth  less  sulphur  as  in  coal  which  contains  iron  silicate. 

A  wide  gap  exists  between  the  supposedly  organic  sulphur  calculated 
by  difference  (column  D)  and  the  phenol  soluble  sulphur  (column  E) 
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which  is  known  to  be  organic  in  character.  That  the  phenol  extracted 
sulphur  is  organic  in  nature  cannot  be  doubted  since  the  extract  is 
practically  ashless,  and  organic  sulphur  only  must,  therefore,  be  present. 
Two  questions  remain  to  be  answered:  first,  is  the  iron,  assumed  to 
be  combined  as  pyrites,  quantitatively  present  as  such,  and  secondly, 
what  is  the  nature  of  that  sulphur  assumed  to  be  organic  and  not 
extracted  by  phenol,  the  quantity  of  which  is  probably  represented  for 
each  coal  in  the  last  column  of  Table  4? 

To  determine  the  nature  of  the  sulphur  assumed  to  be  organic  and 
not  extracted  by  phenol,  other  solvent  methods  were  used.  Higher 
temperature  or  longer  time  than  had  been  used  for  extraction  by  the 
phenol  was  not  considered  practicable  according  to  previous  research. 
As  far  as  the  amount  of  sulphur  extracted  was  concerned,  the  method 
used  in  this  investigation  was  as  good  or  even  better  than  the  extraction 
thimble  process  of  Parr  and  Hadley  and  of  Charlton,  as  shown  by  a  com- 
parison of  the  two  methods  on  the  same  coals.  In  every  case  the  per- 
centage of  sulphur  extracted  by  the  phenol  was  slightly  greater  when 
determined  by  the  method  here  described.  Since  no  additional  help 
could  be  obtained  from  phenol  extractions  of  coal,  other  solvents  were 
sought  to  extract  the  coal  sulphur  compounds. 

Among  these  solvents  pyridin  and  anilin  have  been  used  in  a  study 
of  the  constitution  of  coal.  Since  the  amount  of  sulphur  extracted 
by  these  solvents  had  not  been  investigated,  some  experiments  of  this 
nature  seemed  essential  to  the  investigation;  consequently  a  sample  of 
coal  No.  1  was  extracted  with  pyridin  and  another  with  anilin.  In 
these  qualitative  tests  approximately  the  same  amount  of  sulphur 
appeared  in  the  extract  as  when  phenol  was  used.  These  solvents,  like 
phenol,  had  no  effect  on  iron  pyrites  and  calcium  sulphate.  In  order 
to  test  them  quantitatively,  0.5  gram  samples  of  coals  Nos.  1  and  3 
were  extracted  with  25  cc.  of  anilin,  the  same  method  of  procedure 


Table  5 

Sulphur  Extracted  by  Anilin 

(Values  given  in  per  cent) 

Sample 
Number 

Total  Organic  S 
by  Difference 

Organic  S  Soluble 
in  Phenol 

Organic  S  Soluble 
in  Anilin 

Difference  between 

Total  Organic  S 

and  Anilin 

Soluble  S 

1 
3 

1.25 
0.47 

0.42 
0.20 

0.44 
0.09 

0.81 
0.38 
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being  followed  as  with  phenol.  The  temperature  of  the  extraction 
was  140  degrees  Centigrade.     The  results  are  given  in  Table  5. 

Compared  with  the  results  obtained  by  the  phenol  extraction,  the 
results  are  about  the  same  for  No.  1.  For  coal  Xo.  3,  however,  they  are 
not  so  good.  No  conclusions  can  be  drawn  from  this  experiment 
regarding  the  anilin  soluble  sulphur  constituents  being  the  same  as 
those  of  the  phenol  soluble. 

Another  extraction  experiment  was  tried  in  which  a  mixture  of  equal 
parts  of  phenol  and  anihne  were  used  as  the  solvent.  The  conditions 
for  this  determination  were  the  same  as  those  for  the  preceding  experi- 
ment.    The  following  table  gives  the  result. 

Table  6 
Sulphur  Extracted  by  Phenol  and  Anilin 
(Values  given  in  per  cent) 


Sample 
Number 


Total  Organic  S 
by  Difference 


Organic  S  Soluble 
in  Phenol 


Organic  S  Soluble 
in  Phenol 
and  Anilin 


Difference  between 

Total  Organic  S 

and  Phenol-Anilin 

Soluble  S 


1.25 


0.42 


0.53 


0.72 


This  experiment  seemed  to  give  better  results  than  the  preceding 
one,  but  the  sulphur  unaccounted  for  was  still  too  great  to  regard  this 
method  as  of  practical  value.  Theoretically  it  was  interesting,  since 
it  indicated  that  constituents  might  be  extracted  by  the  basic  anihne 
different  from  those  extracted  by  the  acid-like  phenol. 

The  extractions  ^^•ith  pyridin  had  to  be  made  at  a  temperature 
lower  than  that  made  with  phenol  and  anilin,  because  of  the  lower 
boiling  point  of  this  solvent.  The  temperature  chosen  was  85  degrees 
Centigrade.     The  results  are  given  in  Table  7. 


Table  7 
Sulphur  Extracted  by  Pyridin 
(Values  given  in  per  cent) 


Sample 
Number 

Total  Organic  S 
by  Difference 

Organic  S  Soluble 
in  Phenol 

Organic  S  Soluble 
in  PjTidin 

Difference  between 

Total  Organic  S 

and  Pyridin 

Soluble  S 

1 
2 

1.25 
0.43 

0.42 
0.15 

0.35 
0.13 

0.90 
0.30 
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The  sulphur  extracted  by  pyridin  is  less  than  that  removed  by 
phenol;  hence  its  use  as  a  solvent  was  discarded.  Benzene  was  tried  as 
a  solvent,  but  it  also  proved  ineffective.  From  the  experimental  data 
given,  the  task  of  removing  all  the  organic  sulphur  by  means  of  an 
organic  solvent  seemed  hopeless.     Inorganic  solvents  were  next  used. 

8.  Methods  Involving  the  Use  of  Inorganic  Solvents. — The  first 
inorganic  solvent  tried  was  sodium  hydroxide.  A  sample,  0.5  g.,  of 
coal  was  extracted  with  phenol.  The  residue  was  then  treated  with 
50  cc.  of  5  per  cent  sodium  hydroxide,  allowed  to  stand  at  room  tempera- 
ture for  48  hours  and  filtered.  The  filtrate  was  then  oxidized  by  means 
of  sodium  peroxide.  An  extraction  of  only  0.23  per  cent  of  sulphur 
was  secured  from  coal  No.  1,  having  0.83  per  cent  unaccounted  for,  and 
0.39  per  cent  from  coal  No.  2  with  0.28  per  cent  unaccounted  for. 
From  these  results  it  seemed  evident  that  sodium  hydroxide  would 
not  extract  all  the  organic  sulphur. 

The  second  inorganic  solvent  tried  was  potassium  permanganate, 
which  according  to  qualitative  tests  has  a  noticeable  solvent  action  on 
iron  pyrite.  It  reacted  also  rather  quickly  on  coal  and  took  a  quantity 
of  sulphur  into  solution.  The  permanganate  decolorized  quickly  in 
both  cases  and  large  quantities  of  manganese  dioxide  were  precipitated. 
In  no  case,  however,  did  the  sulphur  extracted  by  the  permanganate 
approach  in  amount  that  of  the  pyritic  sulphur,  perhaps  because  of  the 
ready  reaction  of  the  coal  substance  with  the  permanganate;  hence 
repeated  treatments  were  necessary  to  insure  complete  oxidation  of  the 
pyrites.  Such  discordant  and  inconclusive  results  were  obtained  and 
such  large  quantities  of  manganese  dioxide  were  precipitated  that  this 
method  was  abandoned. 

Concentrated  nitric  acid  was  the  solvent  next  tried.  This  was 
known  to  be  a  complete  solvent  for  the  pyrites.  Whether  it  would 
attack  and  take  into  solution  the  more  stable  organic  sulphur  com- 
pounds of  the  coal  had  to  be  determined.  Gram  samples  of  the  coals 
were  placed  in  beakers  and  covered  with  25  cc.  of  concentrated  nitric 
acid.  After  twenty-four  hours  of  extraction,  the  percentages  of  sulphur 
given  in  Table  8  were  found  in  the  filtrate. 

These  results  show  that  the  nitric  acid  did  not  extract  all  the  pyritic 
and  sulphate  sulphur  as  was  assumed  it  would.  The  shortage  might  be 
attributed  to  extraction  at  room  temperature.  On  the  other  hand  the 
amount  of  calculated  pyritic  and  sulphate  sulphur  may  be  high  because 
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Table  8 

Concentrated  Nitric  Acid  Extraction  of  Coal 

(Values  given  in  per  cent) 


Coal  No.  1  Coal  No.  2 


Coal  No.  4 


Sulphur  in  HN03  Extract 1.20  1.47  0.41 

Pyritic  and  Sulphate  Sulphur  as  indicated  from  the 

iron  present 1-43  \  1.75  i  0.76 


of  an  incorrect  assumption  concerning  the  form  in  which  the  iron  occurs. 
A  negative  result  seems  to  be  obtained  in  attempting  to  find  if  any  of  the 
organic  sulphur  was  oxidized  and  taken  into  solution.  At  least  the 
data  in  Table  8  indicate  that  scarcely  any  organic  sulphur  was  affected. 

All  the  experiments  performed  would  tend  to  show  that  the  sulphur 
unaccounted  for  is  combined  in  an  extremely  stable  form.  The  failure 
of  nitric  acid  to  extract  all  the  pyritic  and  sulphate  sulphur  would 
particularly  indicate  this  tendency.  Free  sulphur,  however,  might  be 
left  in  the  residue  after  the  extraction  ^ith  nitric  acid.  In  order  to 
determine  this  free  sulphur  the  nitric  acid  treatment  just  described  was 
repeated.  The  residue  was  then  boiled  with  pure  carbon  tetrachloride 
to  remove  any  possible  free  sulphur.  The  carbon  tetrachloride  was 
evaporated,  and  the  slight  residue  left  was  mixed  with  benzoic  acid 
and  fused  -^ith  sodium  peroxide.  This  fusion  was  added  to  the  nitric 
acid  extract  and  the  sulphur  determined.  By  this  modified  method,  the 
sulphur  in  the  extract  of  coal  No.  1  was  raised  0.02  per  cent  and  that 
of  coal  No.  2  raised  0.08  per  cent.  The  formation  of  free  sulphur  during 
the  nitric  acid  treatment  accordingly  seems  of  minor  importance. 

The  only  common  inorganic  substances  which  might  conform  to  the 
conditions  as  thus  given  are  certain  sulphides  and  a  few  insoluble  sul- 
phates. After  a  sodium  peroxide  fusion  of  coal  No.  4  was  made,  acidified 
with  hydrochloric  acid  and  passed  in  hydrogen  sulphide,  no  precipitate 
except  a  little  free  sulphur  was  obtained.  This  experiment  proved  the 
absence  of  arsenic  or  any  other  metal  which  might  make  an  insoluble 
sulphide.  An  excess  of  sulphuric  acid  was  added  to  another  portion 
of  sodium  peroxide  fusion  solution,  but  no  precipitate  was  observed; 
thus  the  absence  of  metals  forming  insoluble  sulphates  was  shown.  By 
a  process  of  elimination,  therefore,  it  was  essentially  proved  that  the 
unknown  sulphur  of  the  coal  was  of  some  organic  form,  this  fact  being 
shown  by  experiments  hereinafter  described. 
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Although  the  concentrated  nitric  acid  had  proved  a  failure  as  a 
solvent  for  stable  organic  sulphur,  it  was  an  excellent  solvent  for  the 
two  inorganic  forms,  namely,  the  sulphate  sulphur  and  the  pyrites. 
The  data  given  in  Table  8  seemed  to  indicate  that  not  all  the  pyritic 
sulphur  was  being  extracted  by  the  concentrated  nitric  acid.  That  all 
the  pyrites  was  extracted  and  that  the  difference  in  percentages  was  due 
to  false  assumptions  in  the  calculation  of  the  pyritic  sulphur  will  be 
shown  later. 

The  method  used  in  treating  the  coals  with  the  concentrated  acid 
was  very  simple.  Twenty-five  cubic  centimeters  of  concentrated  nitric 
acid  were  poured  over  one  gram  of  coal  and  the  mixture  allowed  to 
stand  twenty-four  hours  before  filtration  and  analysis  of  the  extract. 
The  results  thus  obtained  are  given  in  Table  9  together  with  the  per- 
centage of  the  combined  pyritic  and  sulphate  sulphur,  as  estimated  by 
the  old  indirect  method,  and  the  total  iron  in  the  coal. 


Table  9 

Concentrated  Nitric  Acid  Extraction  of  Coal 

(Values  given  in  per  cent) 


Pyritic  Sulphur 

(as  calculated 

Sample 

Sulphur  in 

Iron  in 

from  supposedly 

Total  Iron 

Number 

Acid  Extract 

Acid  Extract 

Pyritic  Ironl) 

plus  Sulphate 

Sulphur  in  Coal 

in  Coal 

7 

1.72 

1.53 

2.07 

1.87 

7 

1.76 

1.52 

2.07 

1.87 

7 

1.77 

1.51 

2.07 

1.87 

7 

1.72 

2.07 

7 

1.77 

2.07 

7 

1.69 

2.07 

4 

0.65 

0.62 

0.76 

0.69 

4 

0.65 

0.58 

0.76 

0.69 

If  the  method  for  calculating  the  pyritic  sulphur  as  indicated  from 
the  iron  present  were  correct,  the  two  iron  values  and  the  two  sulphur 
values  should  correspond,  or  the  nitric  acid  extract  sulphur  percentage 
should  be  a  little  higher  than  the  iron  percentage  because  of  partial 
oxidation  of  the  organic  sulphur.  The  calculated  values,  however,  are 
all  high  as  compared  with  those  obtained  directly. 

Some  doubt  existed  whether  all  the  pyrites  was  being  taken  into 
solution  by  the  nitric  acid;  consequently  a  series  of  experiments  was 
begun  to  determine  the  effect  of  aqua  regia  on  the  coal.     The  method 

iPyritic  Iron  =  Total  Iron  minus  HCl  Soluble  Iron. 
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adopted  was  similar  to  that  which  made  use  of  nitric  acid,  except  that 
heat  was  apphed  to  hasten  the  solution  process,  the  time  for  which  was 
reduced  to  about  one  hour.  The  solvent  used  consisted  of  one  part  of 
concentrated  hydrochloric  acid  and  three  parts  of  concentrated  nitric 
acid.  Where  only  0.65  per  cent  of  sulphur  had  been  extracted  from 
coal  No.  4  by  means  of  nitric  acid,  the  hydrochloric-nitric  acid  treat- 
ment yielded  0.74  per  cent  in  a  very  short  time,  and  0.90  per  cent  during 
several  hours  on  the  water  bath.  Several  coals  were  treated,  and  the 
results  of  these  extractions  are  given  in  Table  10. 


Table  10 

Hydrochloric-Nitric  Acid  Extraction  of  Coal 

(Values  given  in  per  cent) 


Pyritic  Sulphur 

(as  calculated 

Sample 

Sulphur  in 

Iron  in 

from  supposedly 

Total  Iron 

Number 

Acid  Extract 

Acid  Extract 

Pyritic  Ironi) 

plus  Sulphate 

Sulphur  in  Coal 

in  Coal 

4 

0.89 

0.76 

4 

0.91 

0.76 

8 

0.30 

0.81 

8 

0.29 

0.81 

5 

0,57 

6'44 

0.65 

o.hh 

5 

0.61 

0.48 

0.65 

0.55 

7 

2.08 

1.58 

2.07 

1.87 

7 

2.12 

1.58 

2.07 

1.87 

9 

0.42 

0.50 

0.77 

0.95 

9 

0.40 

0.52 

0.77 

0.95 

6 

3.95 

3.34 

3.34 

3.40 

6 

3.95 

3.29 

3.34 

3.40 

Several  interesting  conclusions  may  be  drawn  from  this  table  of 
data.  Without  much  doubt  the  strong  solvent  action  of  hot  hydro- 
chloric-nitric acid  mixture  established  the  presence  of  all  the  non- 
silicate  iron  in  the  filtrate.  The  silicate  iron  must  then  be  considered 
the  difference  between  the  total  iron  and  that  in  the  filtrate.  This 
difference  is  shown  in  the  second  and  fourth  columns  of  Table  10.  In 
the  case  of  coals  Nos.  7  and  9,  the  amount  of  silicate  iron  is  large.  The 
error  that  this  amount  would  cause  in  a  pyritic  sulphur  determination 
by  calculation  from  the  iron  present  would  be  large.  The  data  in 
Table  10  show  that  in  some  cases  there  is  more  sulphur  in  the  extract 
than  calculated  to  be  present  as  pyritic  and  sulphate  sulphur.  Since 
the  existence  of  sihcate  iron  would  reverse  this  discrepancy,  the  excess 
sulphur  must  be  part  of  that  organically  combined,  oxidized  and  taken 
into  solution  by  the  strong  oxidizing  solvent. 

iPyritic  Iron  =  Total  Iron  minus  HCl  Soluble  Iron. 
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As  previously  stated,  the  iron  extracted  by  the  acid  mixture  is  almost 
certainly  the  non-silicate  iron,  or  in  other  words  the  sum  of  the  pyritic 
iron  and  the  iron  soluble  in  dilute  hydrochloric  acid.  If  from  this  sum 
the  dilute  acid  soluble  iron  is  subtracted,  only  the  p>Titic  iron  -^-ill  be 
left  and  from  this  the  exact  amount  of  pj^ritic  sulphur  may  be  deter- 
mined. Table  11  gives  a  comparison  of  the  percentages  of  pyritic 
sulphur  obtained  bj'  this  method  and  by  the  method  using  the  total 
iron  minus  the  dilute  acid  soluble  iron  as  representing  the  pyritic  iron, 
and  also  gives  the  sulphur  determined  in  the  hydrochloric-nitric  acid 
extract  minus  the  sulphur  soluble  in  dilute  hydrochloric  acid. 


Table  11 
CoMP.uiisoN  OF  Pyritic  Sulphur  Determinations  on  Coals  by 
Different  Methods 
(Values  given  in  per  cent) 


Coal  No.  0 

Coal  No.  6 

Coal  No.  7 

Coal  No.  9 

PjTitic  S  calculated  from  P\Titic  Fe.  (Pyritic 
Fe  =HC1  plus  HXO3  sol.  Fe.  minus  dilute 
HCl  sol.  Fe.)   

0.30 
0.40 

0.34 

1.94 
2.03 

2.64 

1.72 
2.06 

2.09 

0  25 

Pyritic  S  calculated  from  PjT-itic  Fe.  (PjTitic 
Fe  =  Total  Fe.  minus  dilute  HCl  sol.  Fe  ) 

Pyritic  Sulphur  by  analysis  (PjTitic  S=HC1 
plus    HNO3    sol.    S    minus    dilute    HCl 
sol.  S) 

0.75 
0.39 

This  comparison  of  results  shows  that  both  the  amount  of  pjTitic 
sulphur  obtained  by  the  older  method  of  calculation  from  the  total 
iron  and  the  amount  of  pjTitic  sulphur  obtained  directly  from  the  hydro- 
chloric-nitric acid  extraction  are  higher  than  that  obtained  by  calcu- 
lation from  the  iron  soluble  in  hydrochloric-nitric  acid.  The  high 
results  of  the  method  of  calculation  from  the  total  iron  are  due  to  the 
presence  of  greater  or  less  quantities  of  silicate  iron,  and  the  high  results 
of  the  direct  hydrochloric-nitric  acid  extraction  of  pyritic  sulphur  are 
due  to  the  oxidation  of  a  part  of  the  organic  sulphur.  A  method  was 
sought  to  ob\date  the  oxidation  of  this  organic  sulphur  in  order  to 
determine  the  sulphur  in  the  resultant  extract  directly  as  pjTitic  sulphur 
(plus  the  sulphate  sulphur).  The  results  produced  would  give  separ- 
ately the  inorganic  and  organic  forms  of  sulphur. 

An  experiment  to  make  separate  determinations  of  organic  and 
inorganic  sulphur  by  means  of  bromine  was  run  on  Coal  No.  9,*  but  the 
results  obtained  were  as  unsatisfactory  as  those  secured  with  the  hydro- 


*For  a  description  of  similar  experiments  by  T.  M.  Drown  see  page  58. 
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chloric-nitric  acid  mixture.  The  bromine  extraction  apparently  oxi- 
dized some  of  the  organic  sulphm-  as  Ferdinand  Fisher*  found  in  his 
experiments. 

A  systematic  search  was  conducted  for  a  solvent  which  would  dis- 
solve the  pyrites  but  not  the  organic  sulphur.  The  plan  followed  is  here 
briefly  outhned.  Samples  of  one  of  the  analyzed  coals  were  weighed 
out  and  extracted  with  dilute  hydrochloric  acid  to  remove  all  the  sul- 
phate sulphur  and  soluble  iron.  Sometimes  the  coal  was  also  extracted 
with  phenol;  thus  the  resinic  substances  which  appeared  to  oxidize  rather 
readily  under  the  action  of  oxidizing  solvents  were  removed.  Any 
solvent  acting  on  this  residue  now  took  into  solution  only  pyritic 
iron  and  sulphur  either  in  the  form  of  pyrites  or  organic  sulphur,  since 
these  were  the  only  possible  forms  remaining.  Concentrated  acid  solvents 
acting  on  the  residue  for  a  long  time  would  dissolve  any  silicate  iron 
present,  but  the  conditions  were  always  such  that  they  prevented 
dissolution.  The  next  step  was  to  treat  the  residue  with  the  solvent 
for  a  stated  length  of  time,  filter,  and  analyze  the  filtrate  for  sulphur 
and  iron.  Since  pyritic  iron  could  be  the  only  possible  iron  in  the  fil- 
trate, the  amount  of  pyritic  sulphur  may  be  calculated  and  compared 
with  the  sulphur  actua'ly  in  the  filtrate.  If  these  two  values  are  the 
same  and  this  relationship  holds  for  different  percentages  of  iron  in  the 
extract,  only  one  conclusion  is  possible — that  pyritic  sulphur  and  only 
pyritic  sulphur  is  being  taken  into  solution. 

The  first  experiment  tried  was  preliminary  and  was  a  check  deter- 
mination using  iron  pyrites.  A  small  quantity  of  finely  powdered 
crystalline  iron  pyrites  was  mixed  with  some  of  coal  No.  3.  This  coal 
was  chosen  because  it  had  a  very  low  sulphur  content  and  would  furnish 
the  coal  substance  proper  with  very  little  organic  sulphur.  The  sample 
was  first  extracted  with  dilute  hydrochloric  acid  to  remove  all  soluble 
iron  and  sulphur.  The  mixture  now  corresponded  to  a  high  sulphur 
coal,  with  nearly  all  the  sulphur  present  as  pyrites.  One-half  gram 
samples  of  this  mixture  were  extracted  with  15  cc.  of  hydrochloric- 
nitric  acid  mixture  for  a  few  minutes,  diluted,  filtered,  and  the  filtrate 
analyzed  for  iron  and  sulphur.  The  results  obtained,  expressed  in 
percentages  of  the  original  weight  of  the  sample,  are  given  in  Table  12. 

The  different  amounts  of  iron  in  the  extracts  result  from  the  differ- 
ence in  activity  of  the  beginning  of  the  reactions,  which  were  allowed  to 
proceed  for  only  a  few  minutes.  These  different  amounts  show  that 
iron  pyrites  was  extracted  during  every  phase  of  the  reaction.     The 

♦See  page  59. 
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Table  12 

Extraction  of  Coal-Iron  Pyrites  Mixture  with  Hydrochloric-Nitric  Acid 

(Values  given  in  per  cent) 


Sample 
Number 

Iron  in  Acid  Extract 

Sulphur  in  Acid  Extract 

Pyritio  Sulphur  Calculated 

from  Iron  in  Acid  Extract 

as  Pyritic  Iron 

1 
2 
3 
4 

1.67 
1.34 
1.30 
1.30 

1.94 
1.53 
1.44 
1.51 

1.91 
1.53 
1.48 
1.48 

similarity  between  the  amount  of  sulphur  in  the  acid  extract  and  the 
amount  as  calculated  from  the  iron  in  the  acid  extract  leaves  no  doubt 
concerning  this  fact. 

The  next  experiment  was  performed  with  coal  No.  7.  The  effect 
of  the  hydrochloric-nitric  acid  treatment  on  this  sample  is  shown  in  the 
following  table.  The  extractions  were  allowed  to  proceed  for  different 
lengths  of  time;  so  varying  quantities  of  pyrites  would  be  extracted. 


Table  13 

Extraction  of  Coal  No.  7  with  Hydrochloric  Nitric  Acid 

(Values  given  in  per  cent) 


Time  of 
Extraction 

Iron  in  Acid  Extract 

Sulphur  in  Acid  Extract 

Pyritic  Sulphur  Calculated 

from  Iron  in  Acid  Extract 

as  Pyritic  Iron 

1       min. 

2}^  min. 

5      min. 

10      min. 

0.30 
0.53 
0.54 
0.77 

0.37 
0.76 
0.90 
1.32 

0.34 
0.61 
0.62 
0.88 

This  table  shows  experimental  results  already  conjectured:  viz., 
that  so  strong  an  oxidizing  solution  as  hydrochloric-nitric  acid  not  only 
attacks  the  pyrites  but  also  oxidizes  the  organic  sulphur.  Attention, 
is  called  to  the  increasing  difference  between  corresponding  figures  in 
the  last  two  columns  as  the  time  of  extraction  increases.  This  observa- 
tion is  evidence  of  the  oxidation  of  sulphur  other  than  that  present  in 
the  pyritic  form. 

This  relationship  is  expressed  graphically  by  the  series  of  curves 
shown  in  Fig.  2.  The  curve  representing  the  sulphur  in  the  acid  extract 
rises  much  faster  than  the  one  showing  the  amount  of  sulphur  calculated 
on  the  assumption  that  only  pyrites  is  taken  into  solution.  The  lowest 
curve  shows  the  amount  of  iron  dissolved  as  a  measure  of  the  pyrites. 
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Fig.  2.     Curves  Showing  Results  of  the  Extraction  of  Coal  No.  7 
WITH  Concentrated  Hydrochloric-Nitric  Acid 

Table  14  shows  the  effect  of  concentrated  nitric  acid  alone  on  coal 

No.  7. 


Table  14 

Extraction  of  Coal  No.  7  with  Concentrated  Nitric  Acid 

(One  gram  of  coal  used.     Values  given  in  per  cent) 


Time  9! 
Extraction 

Iron  in  Acid  Extract 

Sulphur  in  Acid  Extract 

Pyritic  Sulphur  Calculated 

from  Iron  in  Acid  Extract 

as  Pyritic  Iron 

2H  min. 

5      min. 

10      min. 

0.90 
1.04 
1.05 

1.05 
1.18 
1.16 

1.03 
1.19 
1.20 
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These  results  make  it  appear  that  concentrated  nitric  acid  is  the 
most  satisfactory  solvent.  Using  two-gram  samples  of  the  coal,  how- 
ever, and  allowing  the  extraction  to  proceed  for  a  longer  time  gave  the 
results  shown  in  Table  15. 

Table  15 

Extraction  of  Coal  No.  7  with  Concentrated  Nitric  Acid 

(Two  grams  of  coal  used.     Values  given  in  per  cent) 


Time  of 
Extraction 

Iron  in  Acid  Extract 

Sulphur  in  Acid  Extract 

Pyritlc  Sulphur  Calculated 

from  Iron  in  Acid  Extract 

as  Pyritic  Iron 

1  min. 
15  min. 
30  min. 
60  min. 

0.92 
1.01 
0.99 
1.00 

1.18 
1.35 
1.36 
1.36 

1.05 
1.15 
1.13 
1.14 

These  results  indicate  that  concentrated  nitric  acid  will  attack  the 
organic  sulphur  compounds  as  suggested  by  the  difference  between  the 
corresponding  figures  in  the  last  two  columns ;  hence  concentrated  nitric 
acid  does  not  make  an  ideal  solvent  for  iron  pyrites. 

It  was  found  convenient  in  such  experiments  to  extract  a  quantity 
of  coal  with  dilute  hydrochloric  acid*  and  then  weigh  out  one-gram 
portions  for  each  of  the  various  solvent  treatments,  instead  of  extracting 
each  sample  separately.  The  analyses  of  some  of  these  extracted  coals 
are  given  in  Table  16. 

Table  16 

Sulphur  and  Iron  Content  of  Coals  after  Extraction  with  Dilute 

Hydrochloric  Acid 

(Values  given  in  per  cent) 


Sample  Number 

Total  Iron 

Total  Sulphur 

5 
6 

7 

0.44 
2.22 
1.62 

1.08 
4.00 
3.13 

In  the  following  experiment,  an  effort  was  made  to  lessen  the  violent 
initial  reaction  between  the  nitric  acid  and  the  coal  in  order  to  reduce 
the  action  on  the  organic  sulphur.  The  concentrated  nitric  acid  was 
diluted  with  an  equal  volume  of  water  and  the  solution  was  added  to 
the  coal  when  brought  to  a  temperature  considerably  below  that  of  the 
room.     The  results  obtained  with  coal  No.  6  are  given  in  Table  17. 


*Unless  otherwise  mentioned,  it  will  be  understood  that  this  hydrochloric  acid  extracted  material 
was  used  in  all  subsequent  experiments.     One-gram  samples  were  generally  used. 
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Table  17 
Extraction  of  Coal  No.  6  with  Cold  Nitric  Acid 
(Values  given  in  per  cent) 


Time  of 
Extraction 

Iron  in  Acid  Extract 

Sulphur  in  Acid  Extract 

Pyritic  Sulphur  Calculated 

from  Iron  in  Acid  Extract 

as  Pyritic  Iron 

1  min. 
15  min. 
30  min. 
60  min. 

1.67 
1.72 
1.72 
1.76 

1.97 
2.11 
2.25 
2.30 

1.91 
1.97 
1.97 
2.01 

The  excess  of  sulphur  in  the  extract  clearly  indicates  that  even  under 
the  conditions  of  this  experiment  the  organic  sulphur  is  oxidized. 

9.  Results  Obtained  with  Dilute  Nitric  Acid  as  a  Solvent. — Samples 
of  coal  No.  7  were  extracted  with  various  dilutions  of  nitric  acid  for 
about  20  minutes.  The  first  column  in  Table  18  gives  the  number  of 
volumes  to  which  one  volume  of  concentrated  nitric  acid  was  diluted. 


Table  18 

Extraction  of  Coal  No.  7  with  Variou.s  Dilxjtions  of  Nitric  Acid 

(Values  given  in  per  cent) 


Dilution 

Iron  in  Acid  Extract 

Sulphur  in  Acid  Extract 

Pyritic  Sulphur  Calculated 

from  Iron  in  Acid  Extract 

as  Pyritic  Iron 

1 
2 
4 
8 

1.09 
1.13 
0.62 
0.25 

1.43 
1.32 
0.67 
0.24 

1.24 
1.29 
0.71 
0.29 

The  last  two  dilutions  gave  very  little  sulphur  in  the  extract  and 
are  probablj'  too  low.  The  dilution  of  the  concentrated  nitric  acid  to 
two  volumes  gave  fairly  good  results,  but  the  dilution  to  four  volumes 
appeared  to  be  the  one  which  seemingly  had  no  oxidizing  effect  on  the 
organic  sulphur.  This  experiment  showed  that  concentrated  nitric 
acid  diluted  to  four  times  its  volume,  with  sp.  gr.  of  1.12,  possessed 
the  maximum  solvent  effect  on  iron  pyrites  without  attacking  the 
organic  sulphur.  All  subsequent  extractions  for  pyritic  sulphur  were 
made  ^dth  this  strength  of  nitric  acid. 

Table  19  gives  the  results  obtained  bj^  the  use  of  this  solvent  on 
various  hj'drochloric  acid  extracted  coals.  All  were  treated  at  room 
temperature. 
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Table  19 

Extraction  of  Coals  with  Dilute  Nitric  Acid 

(Values  given  in  per  cent) 


Pyritic  Sulphur 

Sample 

Time  of 

Iron  in  Acid 

Sulphur  in  Acid 

Calculated  from 

Number 

Extraction 

Extract 

Extract 

Iron  in  Acid 
Extract  as 
Pyritic  Iron 

7 

Ihr. 

1.12 

1.23 

1.28 

7 

18  hr. 

1.16 

1.29 

1.33 

7 

72  hr. 

1.13 

1.30 

1.29 

7 

10  days 

1.20 

1.36 

1.37 

6 

4  days 

1.80 

2.06 

2.06 

6 

4  days 

1.80 

2.06 

2.06 

5 

4  days 

0.27 

0.31 

0.31 

5 

4  days 

0.27 

0.31 

0.31 

9 

4  days 

0.15 

0.16 

0.17 

9 

4  days 

0.15 

0.16 

0.17 

10 

4  days 

0.08 

0.10 

0.09 

10 

4  days 

0.08 

0.10 

0.09 

Although  several  types  of  coal  of  widely  varying  sulphur  content 
were  treated,  the  amount  of  sulphur  in  each  of  the  extracts  and  the 
amount  of  sulphur  calculated  to  make  FeS2  were  in  every  case  nearly 
the  same,  as  shown  by  the  figures  in  the  last  two  columns  in  Table  19. 
Dilute  nitric  acid  is,  therefore,  a  selective  solvent  for  iron  pyrites. 
The  relationship  between  the  sulphur  extracted  by  the  acid  and  the 
pjTitic  sulphur  calculated  from  the  iron  extracted  by  the  acid  is  shown 
graphically  for  coal  No.  7  by  the  curves  in  Fig.  3. 

The  following  experiment  was  performed  to  determine  the  best  con- 
ditions for  the  dilute  nitric  acid  extraction.  Three  samples  of  coal  No.  7 
were  extracted  with  the  dilute  nitric  acid;  one  was  boiled  for  fifteen 
minutes,  another  was  heated  on  the  steam  bath  for  four  hours,  and  a 
third  was  allowed  to  stand  at  room  temperature  for  four  days.  Results 
as  shown  in  Table  20  were  obtained. 


Table  20 

Extraction  of  Coal  No.  7  with  Dilute  Nitric  Acid 
(Values  given  in  per  cent) 


Conditions  of  Extraction 

Iron  in  Acid 
Extract 

Sulphur  in  Acid 
Extract 

Pyritic  Sulphur  Calculated 

from  Iron  in  Acid  Extract 

as  Pyritic  Iron 

1.06 
1.14 
1.14 

1.49 
1.58 
1.32 

1.21 

1.30 

Room  temperature  for  4  days . .  . 

1.30 

32 
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Curves  Showing  Results  of  the  Extraction  of  Coal  No.  7 
WITH  Dilute  Nitric  Acid 


The  data  in  Table  20  show  that  the  quantitative  extraction  of  the 
pyritic  sulphur  is  best  brought  about  by  treatment  at  room  temperature 
for  several  days.  Any  attempt  to  hasten  the  process  by  heat  would 
result  in  the  oxidation  of  some  of  the  organic  sulphur. 

10.  The  Determination  and  Identification  of  Humus  Sulphur  in 
Coal. — The  experiments  on  the  phenol  extraction  of  coal  proved  that 
a  certain  portion  of  sulphur  existed  in  organic  combination  in  the 
resinic  type  of  material.  The  dilute  hydrochloric  acid  extraction  was 
the  means  of  determining  the  sulphate  sulphur,  while  dilute  nitric  acid 
quantitatively  removed  the  pyritic  sulphur  from  the  coal.  After  the 
percentage  compositions  of  these  three  known  forms  were  added  and  their 
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sum  was  subtracted  from  the  total  sulphur,  a  quantity  of  sulphur  was, 
however,  shown  to  be  still  unaccounted  for.  Any  possibility  that  this 
extra  sulphur  could  be  combined  with  the  iron  to  form  a  sulphide  higher 
than  FeS2  was  eliminated  by  the  nitric  acid  extraction  experiments. 
It  seemed  necessary,  therefore,  to  test  for  some  other  type  of  compound. 

About  five  grams  of  coal  No.  7  were  extracted  with  concentrated 
nitric  acid  for  twenty-four  hours  at  room  temperature.  This  treat- 
ment removed  the  pyritic  and  sulphate  sulphur,  but  left  the  remainder 
in  the  residue,  so  that  the  latter  could  be  studied  conveniently  by  itself. 
Further  treatment  of  the  residue  with  nitric  acid  yielded  no  sulphur  in 
the  filtrate,  nor  did  boiling  with  dilute  nitric  acid. 

Guignet*  and  later  Friswellf  had  observed  the  effect  of  alkalies  on 
coal  previously  treated  with  nitric  acid.  Two  portions  of  the  nitric 
acid  residue  were  accordingly  placed  in  beakers,  one  being  treated  with 
25  cc.  of  concentrated  aqua  ammonia  and  the  other  with  a  concentrated 
sodium  peroxide  solution.  In  both  cases  the  thick  dark  brown  solution 
described  by  Friswell  was  formed.  The  ammonia  extract  was  diluted 
and  filtered,  the  filtrate  having  a  dark  reddish  brown  color.  Upon 
acidifying  a  portion  of  this  filtrate  with  hydrochloric  acid,  a  brown 
flocculent  precipitate  formed  which  was  filtered  off  with  the  same  diffi- 
culty that  characterized  the  first  filtration.  The  filtrate  in  this  case 
was  a  very  light  yellow  and  contained  no  sulphur.  This  shov/ed  that 
the  sulphur  in  the  nitric  acid  residue  must  be  present  either  in  the 
ammonia  insoluble  substance,  of  which  there  was  very  little  compared 
with  the  original  residue,  or  in  the  flocculent  brown  precipitate.  The 
qualitative  analysis  of  this  precipitate,  sometimes  referred  to  as  ''coal 
acid,"  showed  large  quantities  of  sulphur.  An  analysis  of  the  small 
undissolved  portion  of  the  residue  gave,  furthermore,  only  a  trace  of 
sulphur.  Anderson  and  Roberts^  had  found  that  this  undissolved 
portion  consisted  of  nearly  60  per  cent  organic  matter  very  similar  to 
the  coal  acid  which  would  have  gone  into  solution  if  it  had  not  been 
occluded.  This  explanation  could  easily  account  for  the  trace  of  sul- 
phur found.  From  this  experiment,  it  was  concluded  that  a  knowledge 
of  the  unknown  form  of  sulphur  depended  upon  a  study  of  the  coal 
acid.  The  results  of  the  sodium  peroxide  extraction  were  similar  to 
those  obtained  with  ammonia. 

It  was  decided  to  find  whether  the  unknown  form  of  sulphur  was 


*See  page  51. 
tSee  page  51. 
tSee  page  52. 
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organic  or  inorganic  in  nature.  The  logical  procedure  was  the  study 
of  the  ash  of  the  coal  acid.  Two  grams  of  coal  No.  7  were  treated  in 
the  usual  manner,  the  result  being  the  formation  of  over  1.5  grams  of 
ammonia  soluble  material.  The  ash  content  of  this  material  was  deter- 
mined and  when  calculated  on  the  basis  of  the  original  coal  there  was 
0.35  per  cent.  The  ash  content  of  the  original  coal  was  9.45  per  cent; 
consequently  only  a  very  small  part  of  the  mineral  matter  was  extracted 
by  the  ammonia.  The  ash  was  then  treated  with  hydrofluoric  and 
sulphuric  acids  to  remove  the  silica.  It  was  then  heated  to  change  the 
metals  present  to  the  oxides.  This  mixture  of  oxides  was  dissolved  and 
analyzed  for  iron.     The  ash  analj^ses  by  this  method  are : 

Silica  0.10  per  cent 

Fe203  0.05  per  cent 

Other  oxides  0 .  20  per  cent 


Total  ash  0 .  35  per  cent 

The  unknown  sulphur  present  in  the  ammonia  extract  amounted 
to  about  one  per  cent.  It  is  inconceivable  that  this  amount  of  sulphur 
could  be  combined  in  some  inorganic  compound  while  the  mineral 
matter  was  present  in  so  small  an  amount.  The  probability  is,  more- 
over, that  if  such  a  compound  existed,  it  would  not  resist  the  action  of 
concentrated  nitric  acid  and  then  dissolve  in  ammonia.  The  conclusion 
is  therefore  drawn  that  this  sulphur  is  of  an  organic  nature,  that  it 
exists  in  the  humus-like  portion  of  coal  described  in  the  literature,  and 
that  its  combination  in  such  substances  is  extremely  stable.  Because 
of  the  nature  of  the  body  in  which  this  form  of  sulphur  occurs,  it  is 
referred  to  hereinafter  as  humus  organic  sulphur  in  order  to  differentiate 
it  from  the  resinic  organic  sulphur. 

As  a  means  of  verifying  the  methods  just  given,  it  was  decided  to 
determine  the  amounts  of  the  various  forms  of  sulphur  present  in  certain 
coals,  to  add  these  together  and  to  see  how  closely  the  total  checked 
with  the  total  sulphur  of  the  coal  as  determined  by  sodium  peroxide 
fusion.  Extremely  close  checks  were  not  expected,  since  the  com- 
bined errors  of  five  determinations  entered  into  each  comparison. 
Table  21  gives  the  average  results  obtained  on  five  different  coals,  all 
that  were  studied  in  this  connection. 

The  agreement  of  the  two  totals  in  each  case  is  very  satisfactory, 
when  the  long  series  of  manipulations  which  were  made  to  obtain  the 
sum  of  the  four  sulphur  forms  is  considered.     The  last  three  determina- 
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tions  gave  low  results,  probably  due  to  the  retention  of  some  of  the 
humus  sulphur  by  the  residue  when  the  ammonia  extraction  was  per- 
formed. Such  retention  was  particularly  strong  with  coal  No.  8,  which 
dissolved  in  the  ammonia  with  great  difficulty  after  the  nitric  acid 
treatment.  The  results  obtained  by  the  various  extraction  methods, 
however,  determine  the  general  character  of  all  the  sulphur  of  the  coal. 
Effort  was  made  to  secure  more  specific  knowledge  of  the  organic 
sulphur  compounds  present  in  coal,  but  with  negative  results.  Smiles's 
test  for  sulphuric  acids  and  sulphoxides  was  performed  by  treating 
some  finely  powdered  coal  with  concentrated  sulphuric  acid  and  then 
by  adding  a  drop  of  anisole.  The  same  test  was  applied  to  some  of  the 
ammonia  extract,  but  in  neither  case  was  the  positive  blue  color  ob- 
tained. The  isatin  test  for  thiophen  also  gave  negative  results.  It  is 
therefore  probable  that  the  nature  of  both  the  resinic  and  humus  types 
of  organic  sulphur  compounds  in  coal  is  very  complex. 


Table  21 
Analyses  of  Different  Forms  of  Sulphur  in  Coals  and  Comparison 
WITH  Total  Sulphur 
(Values  given  in  per  cent) 


Sample  Number 

4 

5 

6 

7 

8 

0.34 
0.05 
0.85 
0.87 

0.16 
0.25 
0.31 
0.51 

0.77 
1.31 
2.06 
0.70 

0.50 
0.31 
1.36 
0.95 

0.10 

0.01 

0.29 

0.45 

Total         

2.11 
2.14 

1.23 
1.20 

4.84 
5.00 

3.12 
3.31 

0.85 

1.02 

0.03 

0.03 

0.16 

0.19 

0.17 
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III.     Changes  in  the  Forms  of^Sulphur  in  Coal 

11.  The  Effect  of  Standing  upon  the  Forms  of  Sulphur  in  Coal— A 
noticeable  feature  in  the  present  investigation  was  the  rapid  change 
of  certain  sulphur  forms  to  sulphate.  An  extreme  example  was  given 
in  the  coal  knowTi  as  No.  6  which  had  a  sulphur  content  of  5  per  cent. 
After  the  coal  stood  in  a  tightly  stoppered  Erlenmej^er  flask  for  two 
years,  the  amount  of  sulphate  sulphur  had  increased  from  less  than 
0.01  per  cent  to  1.31  per  cent.  Since  the  percentage  of  soluble  iron 
had  also  greatly  increased,  it  would  seem  that  the  pyrites  oxidized  in 
some  manner.  The  following  experiments  were  performed  to  estabhsh 
this  as  a  fact. 

12.  The  Oxidation  of  Sulphur  in  Coal. — Some  investigation  was 
made  to  determine  the  most  favorable  conditions  under  which  coal  sul- 
phur oxidation  might  occur.  Five  grams  of  coal  No.  1  were  placed  in  the 
bottom  of  an  Erlemuej-er  flask.  A  tube  leading  nearly  to  the  bottom 
of  the  flask  was  connected  to  a  U  tube  filled  with  thoroughly  moistened 
glass  wool.  A  slow  current  of  air  was  passed  through  the  U  tube  and 
thence  into  the  flask,  so  that  the  finely  powdered  coal  was  at  all  times 
exposed  to  fresh  moist  air.  The  flask  containing  the  coal  was  kept  for 
eighteen  hours  in  an  electric  oven  which  was  regulated  to  maintain  a 
constant  temperature  of  60  degrees.  In  order  to  compare  the  effect 
of  moist  and  dry  air  another  experiment  was  performed  in  which  the 
U  tube  was  filled  with  calcium  chloride  instead  of  the  moist  glass  wool. 
The  results  obtained  are  given  in  Table  22. 

Table  22 
Oxidation  of  Sulphur  in  Coal  by  Moist  and  Dry  AirI 


Moist  Air 
Per  Cent 


Total  sulphur  in  coal 

Sulphate  sulphur  in  coal 

Sulphate  sulphur  in  coal  after  oxidation  by  moist  air 

Sulphur  oxidized  by  moist  air 

Sulphate  sulphur  in  coal  after  oxidation  by  dry  air. . 
•Sulphur  oxidized  by  dry  air 


Dry  Air 
Per  Cent 


0.173 
0.128 


lit  is  to  be  noted  that  the  moist  air  caused  a  slightly  larger  amount  of  sulphate  sulphur  to  be 
formed  than  did  the  dry  air. 
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These  results  showed  that  a  comparatively  small  portion  of  the  coal 
sulphur  was  oxidized  under  the  most  favorable  conditions  of  air  supply, 
temperature,  and  fineness  of  coal.  The  only  condition  unfavorable  to  a 
very  large  amount  of  oxidation,  on  the  other  hand,  was  the  short  time 
of  exposure.  It  seemed  then  that  the  oxidation  of  the  sulphur  depended 
upon  the  time  of  exposure  of  the  coal  or  that  some  factor  besides  simple 
chemical  oxidation  entered  into  the  change. 

The  experiment  just  described  tends  to  show  that  the  oxidation  of 
the  coal  sulphur  was  not  a  simple  reaction  in  which  an  excess  of  air  would 
cause  a  proportionally  greater  change  than  that  which  would  occur  in 
a  closed  flask.  This  condition  might  be  explained  on  the  basis  that 
certain  anaerobic  bacteria  in  the  coal  were  causing  the  gradual  oxidation 
of  the  coal  sulphur  in  the  absence  of  a  free  access  of  air.  An  attempt 
was  made  to  determine  the  nature  of  the  sulphur  oxidation  process  by 
means  of  the  following  experiment. 

Coal  No.  7  was  chosen  since  it  was  a  comparatively  fresh  coal  with  a 
low  sulphate  content  and  a  high  percentage  of  pyrites.  If  bacteria 
were  the  cause  of  the  change,  they  would  be  found  in  the  largest  quan- 
tity in  a  coal  where  a  very  decided  sulphur  oxidation  had  occurred. 
Coal  No.  6  fulfilled  this  condition;  so  it  was  chosen  as  the  inoculating 
agent.  Four  small  flasks  were  fitted  with  rubber  stoppers  covered 
with  tin  foil,  from  which  were  suspended  glass  hooks  to  support  some 
wet  cotton  so  that  the  interior  of  the  flasks  would  be  continuously 
moist.  In  two  of  these  flasks  there  were  placed  5  grams  of  coal  No.  7, 
finely  powdered,  in  the  other  two  4  grams  of  coal  No.  7.  All  four 
flasks  were  thoroughly  sterilized  in  a  steam  autoclave. 

After  sterilization,  one  gram  of  coal  No.  6  was  added  to  each  of  the 
two  4-gram  flasks.  There  were  now  two  flasks  containing  sterile  coal 
and  two  others  containing  sterile  coal  mixed  with  a  smaller  quantity 
of  old  heavily  oxidized  coal.  The  set  of  flasks  was  kept  at  a  constant 
temperature  of  37  degrees,  and  the  contents  were  analyzed  later  for  the 
hydrochloric-acid-soluble  sulphur  and  iron.  In  order  to  find  the 
increase  in  the  sulphur  of  coal  No.  6,  two  flasks  containing  one  gram 
each  were  used  as  controls  for  the  others.  Analyses  of  the  flask  con- 
tents were  made  nineteen  days  after  they  were  placed  in  the  incubator 
room  and  another  set  of  analyses  was  made  eighty-eight  days  later. 

From  these  data  the  increase  in  soluble  sulphur  and  iron  in  all  flasks 
was  calculated.  Since  the  sterile  flask  contained  five  grams  of  coal, 
this  increase  was  multiplied  by  four-fifths  to  maintain  a  basis  of  four 
grams.     The  increase  in  the  control  flask  was  then  added.     If  the  proc- 


38 


ILLINOIS    ENGINEERIXG    EXPEEIMENT    STATION 


ess  were  a  simple  chemical  reaction,  the  result  -would  be  equal  to  the 
increase  in  the  sterile  flask,  since  this  one  was  made  up  of  four  grams  of 
sterile  coal  and  one  gram  of  coal  Xo.  6.  If,  however,  the  action  of 
bacteria  entered  into  the  change,  a  larger  increase  of  soluble  sulphur 
and  iron  would  be  expected  in  the  flask  where  the  sterile  and  the  inocu- 
lated coals  were  in  contact  than  would  be  found  b}'  adding  the  increases 
of  the  two  separated  flasks.     Table  23  gives  the  results  obtained. 

Table  23 
Relative  Oxidation  of  Pyrites  in  Stekile  and  Inoculated  Coals 


C0.1.LS                                                                                                        19  Days 

88  Days 

Increase  of  soluble  sulphiir  in  4  g.  sterile  coal  Xo.  7 

11.88  mg. 

14.00  mg. 

9.40  mg. 

23.40  mg. 

34 .  70  mg. 

16.28  mg. 
16.40  mg. 

14.05  mg. 

5.55  mg. 

19.60  mg. 

19.70  mg. 

15.00  mg. 
10.40  mg. 
25.40  mg. 
38.00  mg. 

Increase  of  soluble  iron  in  1  g.  coal  Xo.  G     ■  ■ 

At  the  end  of  nineteen  dajs  there  was  apparently  nothing  unusual 
in  the  relative  oxidation  of  sulphur  in  the  sterile  and  in  the  inoculated 
coal.  At  the  end  of  eighty-eight  da^'s,  however,  the  inoculated  coal 
showed  a  decidedly  greater  increase  than  did  the  sterile  coal,  the  only 
explanation  for  this  being  some  bacteriological  action  or  perhaps 
catalysis.  Another  interesting  point  to  be  noted  is  that  the  soluble  iron 
shows  a  greater  increase  than  the  soluble  sulphur  in  every  case  whether 
the  coal  is  sterile  or  not.  If  only  pjTites  were  being  oxidized,  there 
would  be  one  and  one-seventh  times  as  much  sulphur  as  there  was  iron, 
and  if  other  sulphur  forms  were  oxidized  the  ratio  would  be  still  larger. 
In  actual  practice,  however,  the  opposite  is  true.  The  best  explanation 
for  this  discrepancy  would  be  that  some  of  the  sulphate  formed  was  taken 
up  by  the  organic  matter  of  the  coal. 


13.  Changes  in  the  Forms  of  Sulphur  Effected  by  Coking* — When 
coal  is  subjected  to  destructive  distillation  in  the  absence  of  air,  the 
sulphur  divides  between  the  residue  and  the  volatile  matter.  The 
ratio  between  the  residual  sulphur  and  the  volatile  sulphur  varies 
between  rather  wide  limits  but  is  fairly  constant  for  the  same  coal. 
The  factors  in  the  coal  which  control  this  ratio  have  not  been  deter- 


*See  Appendix  III  for  a  historical  account  of  similar  experiments. 
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mined  except  in  a  general  manner.  Certain  coal  constituents,  entirely 
separate  from  the  sulphur  containing  compounds,  may  have  an  effect 
on  the  percentage  of  sulphur  retained  in  the  coke,  but  in  all  probability 
the  decisive  factor  in  determining  this  percentage  is  the  relative  amount 
of  the  different  sulphur  forms  present.  Since  the  first  part  of  this 
investigation  furnished  a  good  means  for  determining  these  sulphur 
forms,  their  effect  on  the  proportion  of  residual  sulphur  in  coking  was 
studied.  The  types  of  sulphur  compounds  formed  in  the  coke  were 
investigated.  An  attempt  was  made  to  determine  the  relation  between 
the  quantities  of  these  types  formed  in  the  coke  and  the  quantities  of 
the  different  types  of  sulphur  in  the  coal.  Since  the  forms  of  sulphur 
in  coke  are  entirely  different  from  those  in  coal,  this  latter  problem  in- 
volved an  entirely  new  method  of  procedure. 

To  detei-mine  the  amount  of  residual  sulphur,  a  one-gram  sample  of 
the  coal  to  be  tested  was  coked  in  a  small  nickel  crucible  and  heated 
for  three  and  one-half  minutes  at  the  full  heat  of  the  Bunsen  burner 
and  then  for  another  three  and  one-half  minutes  with  a  blast  lamp.  A 
tight-fitting  nickel  cover  prevented  oxidation  of  the  coal.  The  coke 
was  carefully  removed  and  pulverized;  then  it  was  fused  with  sodium 
peroxide  in  the  same  manner  as  the  coal  had  been  in  another  part  of  this 
investigation.  After  the  fusion  had  been  dissolved  in  water,  the  sulphur 
was  determined  by  means  of  the  barium  sulphate  precipitation.  Some 
of  the  coals  used  in  this  work  were  the  original  samples,  while  other 
experiments  were  made  with  samples  which  had  previously  been  ex- 
tracted with  dilute  hydrochloric  acid  to  remove  all  the  sulphur  in  the 
form  of  sulphate.  Due  allowance  is  made  in  Table  24  for  this  removal 
of  the  sulphate  form  in  the  amount  of  total  sulphur. 


Table  24 

Forms  of  Sulphur  in  Coal-  and  Residual  Sulphur  Remaining  after  Coking 

(Values  given  in  per  cent) 


Sample  Number 

5a 

6a 

7 

7a 

10 

10a 

1.08 
0.00 
0.31 
0.16 
0.61 
0.34 

4.00 
0.00 
2.06 
0.77 
1.17 
1.46 

3.31 
0.31 
1.30 
0.50 
1.20 
1.37 

3.00 
0.00 
1.30 
0.50 
1.20 
1.09 

0.95 
0.02 
0.10 
0.13 
0.70 
0.45 

0  93 

0.00 

0  10 

Resinic  sulphur 

0.13 
0  70 

0.38 

The  coals  designated  by  a  numeral  and  the  letter  ''a"  are  those 
which  were  extracted  with  dilute  hydrochloric  acid  before  coking.     It 
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is  interesting  to  note  the  difference  between  the  amounts  of  residual 
sulphur  in  these  coals  as  compared  with  the  amounts  in  the  correspond- 
ing coals  which  had  not  been  extracted.  In  coal  No.  7  this  difference 
corresponds  almost  to  the  sulphur  which  had  been  removed  by  the 
dilute  hydrochloric  acid.  In  coal  No.  10,  however,  the  difference  is 
somewhat  greater  than  that  of  the  sulphate  sulphur,  A  reasonable 
explanation  for  this  difference  w^ould  be  that  coal  No.  10  contained 
calcite,  which  on  heating  changes  to  calcium  oxide  and  on  uniting  with 
some  of  the  hydrogen  sulphide  would  ordinarily'  volatilize.  In  the  coal 
previously  extracted  with  acid,  however,  the  calcite  was  removed; 
consequently  the  residual  sulphur  was  less  than  that  in  the  coal  extracted 
vidth  acid.  Cursory  study  of  the  table  will  show  the  falsity  of  the  theory 
that  all  the  organic  and  one-half  the  inorganic  sulphur  are  volatilized 
during  coking.  In  order  to  determine  in  some  degree  the  proportion 
of  the  various  sulphur  forms  left  in  the  coke,  the  following  calculations 
were  performed.  Coals  Nos.  6a,  7a,  and  10a  were  chosen  since  these 
contained  less  of  the  sulphate  form  to  comphcate  the  calculations  and 
since  they  would  be  free  of  calcite  which  might  enter  into  a  secondary 
reaction  with  some  of  the  volatile  sulphur  as  previously  explained. 
There  would  then  be  three  unknown  quantities  of  residual  sulphur  to 
add  to  the  total  residual  sulphur  which  was  known.     Then 

Let  X  =  fraction  of  pyritic  sulphur  left  in  coke 
Y  =  fraction  of  resinic  sulphur  left  in  coke 
Z  —  fraction  of  humus  sulphur  left  in  coke 

For  coal  No.  10a,  .IX  plus  .13Y  plus  .7Z  =  .38 

For  coal  No.  6a,  2.06X  plus  .77 Y  plus  1.17Z  =  1.46 

For  coal  No.  7a,  1.30X  plus  .5Y  plus  1.20Z  =  1.09 

Solving  these  equations  simultaneously,  the  results  are  as  follows: 

Pyritic  sulphur  left  in  coke,  16  per  cent 
Resinic  sulphur  left  in  coke,  95  per  cent 
Humus  sulphur  left  in  coke,  34  per  cent 

These  figures  doubtless  would  not  hold  for  every  coal  since  other 
factors  enter  into  the  retention  of  the  sulphur  in  the  coke.  They  are 
interesting,  however,  inasmuch  as  they  show  that  a  large  amount  of 
the  organic  sulphur  is  retained. 

The  retention  of  so  much  organic  sulphur  led  to  some  experiments 
on  the  nature  of  the  sulphur  compounds  in  the  coke.  Although  Brad- 
bury* had  believed  the  large  portion  of  the  coke  sulphur  to  be  organic 

*See  page  62. 
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in  nature,  it  was  difficult  to  conceive  any  organic  compound  withstand- 
ing the  high  temperature  of  the  coking  process.  A  more  reasonable 
explanation  would  be  that  secondary  reactions  caused  the  organic 
sulphur  to  change  into  some  very  stable  inorganic  form. 

A  method  similar  to  that  used  by  Bradbury  was  used  to  determine 
the  nature  of  these  sulphur  compounds.  The  finely  powdered  coke 
was  placed  in  a  small  flask  which  was  arranged  so  that  hydrogen  could 
bubble  through  a  liquid  in  the  bottom  and  pass  out  the  top  into  an 
absorption  tower  containing  a  moderately  strong  sodium  peroxide 
solution.  The  coke  from  one  gram  of  the  original  coal  was  used  and 
over  this  about  40  cc.  of  dilute  hydrochloric  acid  (one  part  HCl,  sp.  gr. 
1.19,  to  one  part  water)  were  poured.  A  slow  stream  of  hydrogen  was 
then  conducted  through  the  apparatus  for  about  one  hour,  and  finally 
the  solution  in  the  flask  was  brought  to  boiling  to  insure  the  removal 
of  the  hydrogen  sulphide. 

By  this  method  any  sulphate  sulphur  in  the  coke  would  go  into 
solution  and  the  sulphide  sulphur  would  be  carried  over  in  the  stream 
of  hydrogen  as  hydrogen  sulphide  which  would  be  oxidized  to  sodium 
sulphate  in  the  sodium  peroxide  tower.  By  barium  sulphate  precipi- 
tation both  the  sulphate  and  sulphide  forms  of  sulphur  in  the  coke 
could  accordingly  be  determined.  The  residue  of  this  extraction  was 
then  treated  with  concentrated  nitric  acid  for  two  hours  in  order  to 
extract  any  pyrites  which  might  remain.  The  results  of  this  experi- 
ment on  coal  No.  7  and  a  comparison  of  the  forms  of  sulphur  in 
coke  with  the  forms  of  sulphur  in  the  original  coal  are  given  in  Table 
25.     The  percentages  of  sulphur  and  iron  in  the  coke  are  estimated 


Table  25 

Forms  of  Sulphur  in  Coke  Compared  with  Original  Coal 

(Values  given  in  per  cent) 


Total  sulphur .  .  .  . 
Sulphate  sulphur . 
Sulphide  sulphur . 
Pjrritic  sulphur . . . 
Resinic  sulphur . . 
Humus  sulphur . . 
Unknown  sulphur 

Total  iron 

Soluble  iron 

Pyritic  iron 

Silicate  iron 


Coke  from 
Coal  No.  7 


1.37 
0.00 
0.30 
0.00 
0.00 
0.00 
1.07 
1.87 
1.04 
0.00 
0.83 
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on  the  basis  of  the  weight  of  the  original  coal  used,  so  that  a  direct 
comparison  may  be  made  with  the  coal. 

The  results  show  that  the  structure  of  the  larger  part  of  the  sulphur 
in  the  coke  is  as  yet  undetermined.  The  concentrated  nitric  acid  treat- 
ment removed  only  0.07  per  cent,  so  that  the  compounds  in  which  sul- 
phur is  present  must  be  very  stable.  The  possibility  of  a  carbon- 
silicon-sulphur  compound  presented  itself,  but  all  such  compounds  in 
the  literature  decompose  in  the  presence  of  water  or  of  hydrofluoric  acid, 
releasing  hydrogen  sulphide.  Xo  hydrogen  sulphide  could  be  detected 
even  when  the  finely  powdered  residue  of  this  extraction  was  boiled 
with  hj-drofluoric  acid.  It  therefore  seems  not  to  be  an  iron-sulphur 
compoimd,  nor  is  it  a  siUcon-sulphur  compound.  According  to  present 
data  it  seems  to  be  a  carbon-sulphur  compound,  the  nature  of  which 
is  as  yet  undetermined. 

After  the  finely  powdered  coke  had  been  boiled  with  dilute  hydro- 
chloric acid  to  release  the  sulphide  sulphur  as  hydrogen  sulphide,  a 
quantity  of  fine  aluminum  turnings  and  some  more  dilute  h\'drochIoric 
acid  were  added  to  the  residue  and  the  mLxture  again  heated.  Under 
these  conditions  a  large  amount  of  hydrogen  sulphide  was  removed. 
This  action  of  nascent  hydrogen  on  the  coke  would  also  indicate  the 
organic  or  carbon-sulphur  character  of  this  portion  of  the  coke  sulphur. 

There  are  other  indications  of  the  theory  that  certain  carbon  com- 
pounds per.sist  through  the  high  temperature  condition  to  which  coal 
is  subjected  in  the  coking  process.  The  treatment  of  red  coke  with 
water  vapor,  for  example,  releases  a  large  amount  of  nitrogen  as  XH3 
which  was  held  in  some  chemical  combination  with  the  carbon.  In 
addition  to  ammonia,  hydrogen  sulphide  Ls  released  from  the  coke  by 
the  same  treatment.  During  the  coking  process,  hydrogen  com- 
pounds persist  as  high  as  and  beyond  a  temperature  of  1000  degrees 
Centigrade.  These  well  known  facts  show  that  nitrogen,  sulphur,  and 
hydrogen  maj'  remain  in  organic  combination  at  very  high  temperatures. 

It  has  been  pre\'ioush-  .stated  that  the  coal  material  extracted  by 
phenol  consists  entirely  of  organic  matter  of  a  resinic  nature.  In  order 
to  investigate  the  sulphur  distribution  during  coking  in  this  tj'pe  of 
material,  one  gram  of  the  extracted  substance  from  coal  Xo.  7  was 
coked  under  standard  conditions.  It  was  found  that  50  per  cent  of  this 
form  of  organic  sulphur  was  retained  in  the  coke;  thus  definite  proof 
was  obtained  that  a  portion  of  the  coke  sulphur  was  organic  in  character 
and  source. 

Some  of  the  indicated  change.s^sho^Mi  in  Table  25  are  worthy  of 
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comment.  The  sulphate  sulphur  disappears  entirely  because  of  the 
reducing  influence  of  the  red  hot  carbon,  but  it  does  not  change  to  the 
sulphide  form,  as  will  be  shown  later.  It  probably  goes  over  to  the 
unknown  form  of  sulphur,  since  the  residual  sulphur  is  higher  if  the 
sulphate  is  not  extracted  with  hydrochloric  acid  before  coking.  The 
source  of  the  sulphide  sulphur  will  be  explained  later.  The  pyritic 
sulphur  is  entirely  decomposed  during  the  coking  process. 

Both  organic  forms  of  sulphur  in  the  coal  change  from  their  original 
form,  as  shown  by  the  fact  that  phenol  has  no  effect  on  the  coke  and 
that  ammonia  will  not  dissolve  the  nitric  acid  residue,  these  being 
characteristic  properties  of  the  two  sulphur  forms  in  the  coal. 

Some  of  the  changes  in  the  forms  of  iron  during  the  coking  process 
indicate  that  they  are  important  changes.  The  acid  soluble  iron 
increases  greatly.  This  change  would  be  expected  if  all  the  pyrites 
decomposed.  The  decomposition  of  the  pyrites  also  leads  to  a  decided 
increase  in  the  content  of  iron  silicate. 

The  source  of  the  sulphide  sulphur  in  the  coke  was  investigated. 
Four  one-gram  samples  of  coal  No.  7  were  extracted  with  dilute  hydro- 
chloric acid  and  two  of  these  were  further  extracted  with  phenol.  The 
residues  were  coked  and  the  sulphide  sulphur  was  determined  as  in  the 
previous  experiment.  The  original  coal,  as  given  in  Table  25,  yielded 
0.30  per  cent  sulphide  sulphur  in  the  coke.  After  hydrochloric  acid 
extraction  of  the  coal,  the  coke  still  contained  0.31  per  cent,  and  even 
after  further  extraction  with  phenol  0.27  per  cent  sulphide  sulphur. 
These  results  indicate  that  the  origin  of  the  sulphide  sulphur  of  the  coke 
was  not  in  the  sulphate  or  resinic  sulphur.  In  all  probability  the  origin 
is  in  the  iron  pyrites. 
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IV.     Summarized  Statement  of  Analytical  Methods 

To  determine  the  kinds  of  sulphur  in  coal,  methods  were  developed 
for  the  quantitative  analysis  of  each  form  of  sulphur.  The  methods, 
for  greater  convenience,  are  brought  together  as  follows: 

(1)  The  sulphate  sulphur  is  determined  by  extraction  of  the  coal 
with  dilute  hydrochloric  acid.  For  this  purpose  5  grams  of  the  coal 
ground  to  100  mesh  is  extracted  with  300  cc.  of  3  per  cent  hydrochloric 
acid  for  40  hours.  The  extraction  is  carried  out  in  a  beaker  placed 
on  a  steam  bath  with  a  temperature  of  60  degrees  Centigrade  main- 
tained. After  the  extraction  is  filtered,  the  sulphate  sulphur  may  be 
precipitated  from  the  filtrate  by  means  of  barium  chloride. 

(2)  The  pyritic  sulphur  is  determined  by  extraction  of  the  coal 
with  dilute  nitric  acid,  after  a  preliminary  extraction  with  dilute  hydro- 
chloric acid  to  remove  the  sulphate  form.  If  the  sulphate  content  is 
low,  the  nitric  acid  extraction  may  be  performed  on  the  original  coal, 
allowance  being  made  for  the  sulphate  form  by  subtraction.  For  this 
purpose  it  is  best  to  use  one  gram  of  the  finely  powdered  coal  covered 
with  80  cc.  of  dilute  nitric  acid  (one  part  nitric  acid,  sp.  gr.  1.42,  to 
three  parts  water;  sp.  gr.  of  the  mixture  is  1.12).  The  mixture  is 
allowed  to  stand  at  room  temperature  for  at  least  four  days.  It  is 
then  filtered,  the  nitric  acid  driven  off  by  evaporation  to  dryness  and 
the  residue  taken  up  in  some  water  and  hydrochloric  acid.  In  addition 
to  determining  the  sulphur  in  this  solution,  the  iron  may  also  be  esti- 
mated since  the  iron-sulphur  ratio  will  serve  as  a  check  on  the  selective 
solution  of  pyrites. 

(3)  The  resinic  sulphur  is  determined  by  extraction  of  the  coal 
with  phenol.  One-half  gram  of  the  finely  powdered  coal  is  placed  in  a 
flask  fitted  with  an  air  condenser.  Twenty-five  cubic  centimeters  of 
phenol  are  poured  over  the  coal  and  the  extraction  is  carried  out  for 
20  hours  at  a  temperature  of  140  degrees  Centigrade.  The  best  means 
for  maintaining  this  temperature  is  a  regulated  electric  oven.  The 
contents  of  the  flask  are  then  filtered  through  a  Gooch  crucible,  and 
rinsed  with  alcohol  and  ether.  The  residue  in  the  crucible  is  mixed 
with  sodium  peroxide  and  fused.     The  sulphur  determination  on  this 
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residue  gives  that  portion  of  the  sulphur  not  extracted  by  the  phenol, 
and  by  subtracting  this  amount  from  the  total  sulphur,  the  resinic 
sulphur  is  determined. 

(4)  The  humus  sulphur  is  determined  by  the  difference  between 
the  sum  of  the  other  three  forms  and  the  total  sulphur  in  the  coal.  A 
direct  determination  may  be  made  by  extraction  of  the  coal  with  ammo- 
nium hydroxide,  after  a  preliminary  treatment  with  concentrated  nitric 
acid.  This  method  is  applicable  only  to  the  ^fter  coals,  the  structures 
of  which  are  fundamentally  changed  by  the  nitric  acid  treatment. 
For  this  method,  one  gram  of  the  finely  powdered  coal  is  treated  with 
15  cc.  of  concentrated  nitric  acid  for  a  short  time  (about  one-half  hour). 
This  mixture  is  then  diluted,  filtered,  and  washed.  The  filter  paper 
which  contains  the  residue  is  put  into  25  cc.  of  concentrated  ammonia 
(sp.  gr.  0.90),  and  allowed  to  stand  for  several  hours  when  it  is  then 
diluted  and  filtered  through  a  large  fluted  filter.  The  filtrate  is  evap- 
orated to  dryness  and  the  dry  residue  gathered  and  fused  with  sodium 
peroxide.     The  sulphur  in  this  fusion  represents  the  humus  sulphur. 
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APPENDIX    I 

The  Constitution  of  Coal 

The  changes  in  the  process  of  coal  formation  indicate  the  composition 
of  coal,  but  no  definite  conclusions  may  be  drawn  since  the  chemical 
changes  involved  vary  under  different  conditions  and  are  obscure  in 
all  cases. 

It  is  conceded  by  practically  every  one  that  coal  had  its  origin  in 
vast  beds  of  vegetable  matter,  supplemented  in  most  cases  by  animal 
remains.  Several  reasons  may  be  advanced  as  proof  of  the  vegetable 
origin  of  coal,  the  most  important  of  which  is  the  frequent  occurrence 
of  plant  outhnes  on  coal  surfaces.  ^Morphological  proofs  of  the  presence 
of  animal  residues  are,  however,  not  so  plentiful,  but  outlines  of  the 
skeletons  of  fishes  are  often  found,  and  they  indicate  the  presence  of 
water  during  the  early  stages  of  coal  formation.  Another  good  indica- 
tion of  animal  remains  in  the  coal  is  found  by  a  comparison  of  its  nitrogen 
content  with  that  of  pure  vegetable  fossils  found  in  the  same  general 
locality.  In  such  cases  the  coal  contains  several  times  as  much  nitro- 
gen as  the  vegetable  remains,  this  fact  undoubtedly  showing  the  presence 
of  animal  matter  in  the  coal.* 

The  beds  of  vegetable  matter  have  accumulated  during  long  periods 
of  time  and  complete  oxidation  of  the  organic  matter  is  prevented  by 
compact  layers  of  earthj'  material.  The  chemical  composition  of  the 
original  plant  material  was  similar  to  that  of  cellulose,  with  varjang 
amounts  of  mineral  matter  and  a  large  amount  of  water  present.  This 
vegetable  sphagnum  becomes  peat  bj'  a  process  of  slow  decay.  The 
chemical  changes  in  this  transformation  are  tj^pical  of  a  kind  of  bac- 
terial cellulose  decomposition,  the  products  of  which  are  the  so-called 
humus  substances,  such  as  humic,  ulmic,  crenic,  and  apocrenic  acids. 
None  of  these  products  is  a  definite  chemical  compound  since  each  prod- 
uct represents  merely  a  type  of  substance.  As  peat  is  acidic  in  char- 
acter, nearly  all  of  it  vail  dissolve  in  an  alkaline  solution.  Underground 
waters  carry  hme  and  iron  salts  in  solution  to  the  peat  and  cause  the 
formation  of  insoluble  calcium  and  iron  salts  of  the  acids.  Although 
calcium  and  iron  are  found  in  the  ash  of  peat,  the  calcium  rarely  exists 
as  the  carbonate,  as  might  be  expected.f     The  change  from  vegetable 


*Clarke.  F.  W.,  "The  Data  of  Geochemistry,"  p.  654,  1908. 

tBerichte  der  Deutschen  Chemischen  GeseUschaft,  Vol.  15,  p.  2961,  1882. 
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matter  to  peat  is  accompanied  by  loss  of  both  water  and  oxygen,  so 
that  the  net  result  is  a  gain  in  the  carbon  content  and  a  loss  of  both 
hydrogen  and  oxygen.  Each  step  in  the  process  of  change  from  peat 
to  anthracite  coal  involves,  moreover,  the  same  result — a  continuous 
increase  in  the  percentage  of  carbon,  a  decrease  in  the  percentage  of 
hydrogen  and  a  decrease  of  oxygen  until  nearly  all  the  oxygen  has 
disappeared. 

Lignites  form  the  connecting  link  between  the  distinctly  vegetable 
peat  and  the  rock-like  bituminous  coal.  These  are  soft  deposits  and 
generally  light  brown.  They  contain  organic  sulphur  as  well  as  pyrites 
or  marcasite  and  sulphates  such  as  gypsum.* 

The  changes  from  lignites  to  bituminous  coal  and  then  to  anthracite 
coal  give  no  suggestion  of  the  chemical  composition  of  coal,  except 
perhaps  its  tendency  to  approach  a  hydrocarbon.  The  earlier  chemical 
changes  are,  according  to  White, f  largely  bio-chemical,  while  the  later 
changes  are  more  distinctly  dynamo-chemical. 

Nearly  all  the  foregoing  discussion  refers  to  the  carbon,  hydrogen, 
and  oxygen  in  the  coal.  The  methods  of  formation  of  the  nitrogen  and 
sulphur  compounds  depend  upon  the  combination  of  these  elements 
in  the  coal.  A  large  part  of  the  nitrogen  of  the  coal  comes  from  the 
remains  of  animals,  and  since  the  remainder  comes  from  the  plant 
substance,  it  must  exist  as  organic  amino  nitrogen,  unless  there  have 
been  nitrifying  bacteria  present  which  cause  oxidation. 

The  sulphur  of  the  coal  ma}^  come  from  two  entirely  different 
sources.  The  original  plant  and  animal  substances  from  which  the 
coal  was  formed  undoubtedly  contained  organic  sulphur.  Whether 
this  organic  sulphur  changes  during  the  coal  making  process  is  not 
known,  but  there  is  evidence  that  it  may  furnish  the  sulphur  for  the 
pyrites  and  marcasite  of  the  coal.  Since  iron  and  calcium  are  preci- 
pitated from  ground  waters  by  the  humus  acids  of  the  peat  as  it  under- 
goes change,  hydrogen  sulphide  waters  percolating  through  the  coal  sub- 
stance would  change  the  iron  to  the  sulphide  and  thence  to  pyrites  or 
marcasite.  If  sulphur  is  found  in  the  form  of  sulphate  in  fresh  coal, 
it  is  found  only  in  small  percentages. 

Where  aerated  water  has  the  chance  to  come  in  contact  with  pyrites, 
however,  a  very  slow  oxidation  occurs.  WinchellJ  states  that  he  made 
tests  with  aerated  water  acting  on  pyrites.     At  the  end  of  one  month. 


*Dana,  James  D.,  "The  System  of  Mineralogy,"  6tb  ed.,  p.  1010,  1895. 
tEcofomic  Geology,  Vol.  3,  p.  293,  1908. 
JEconomic  Geology,  \o\.  2,  p.  290,  1907. 
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he  found  that  neither  iron  nor  sulphur  had  gone  into  solution.  At 
the  end  of  ten  months,  0.2  g.  of  pyrites  had  been  oxidized  and  there 
were  in  the  solution  27.7  mg.  of  ferric  sulphate  and  5.7  mg.  of  sulphuric 
acid  per  liter  with  traces  of  ferrous  salts  and  sulphur  dioxide.  These 
tests  show  that  it  is  possible  for  comparatively  large  quantities  of  sul- 
phate to  be  formed  in  the  coal,  provided  the  flow  of  the  aerated  water 
does  not  leach  out  the  compounds  so  fast  as  they  are  formed.  Any 
sulphate  formed  would  have  the  tendency  to  change  to  calcium 
sulphate  or  another  sulphate  not  so  soluble  as  the  ferric  salt. 

It  has  also  been  found,  according  to  Stokes,*  that  alkaline  waters 
decompose  pyrites  and  marcasite  to  ferric  oxide.  The  sulphur  decom- 
poses in  the  form  of  alkali  sulphides  and  thio-sulphates.  It  is  stated 
that  oxygen  is  not  necessary  for  this  action  to  occur.  These  examples 
suggest  that  pyrites  may  undergo  secondary  changes  while  in  the 
underground  coal. 

There  is  a  third  source  possible  for  the  sulphur  in  coal  besides  the 
original  vegetable  matter  and  percolating  waters.  While  the  coal  is 
still  in  the  process  of  formation,  it  is  very  likely  to  be  mixed  mechani- 
cally wilth  detritus,  which  may  account  for  not  only  a  large  part  of  the 
ash  of  coal  but  also  for  some  of  the  inorganic  sulphur. f 

A  general  method  used  to  determine  the  constitution  of  coal  is  that 
of  destructive  distillation.  This  method  has  been  studied  more  thor- 
oughly than  the  others  because  of  the  commercial  importance  of  coking 
processes  and  gas  manufacture;  yet  it  is  the  poorest  from  the  standpoint 
of  determining  the  real  nature  of  the  coal  substance.  It  is  now  a  well 
proved  fact  that  all  the  products  of  distillation  of  coal  do  not  come  from 
the  coal  by  simple  distillation,  but  that  every  one  of  them  is  the  result 
of  the  decomposition  of  more  complex  compounds.  A  discussion  of 
the  destructive  distillation  must  be  limited  to  only  those  facts  which 
tend  to  show  the  nature  of  the  coal  substance. 

The  products  resulting  from  the  destructive  distillation  of  coal 
consist  of  gaseous,  liquid,  and  solid  condensate  and  a  residue  which 
is  largely  carbon  mixed  with  the  ash  of  the  coal.  Among  the  volatile 
products  are  ammonia,  carbon  dioxide,  hj^drogen  sulphide,  hydrogen, 
methane,  carbon  monoxide,  nitrogen,  acetylene,  ethylene,  other  hydro- 
carbons, pyridin,  .phenol,  benzene,  toluene,  xylene,  naphthalene, 
anthracene,  phenanthrene,  cresol,  and  a  great  variety  of  other  aromatic 
compounds.     Because   of  the  predominant  presence   of  ring  hydro- 


♦Economic  Geology,  Vol.  2,  p.  14,  1907. 
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carbons  and  their  derivatives,  it  has  been  supposed  that  the  original 
coal  consisted  of  ring-like  compounds. 

R.  Meyer*  has  an  interesting  theory  concerning  coal  structure.  He 
believes  the  main  part  of  the  coal  to  be  composed  of  compounds  which 
are  merely  polymers  of  acetylene  and  which  change  very  readily  into 
acetylene  on  heating.  The  nitrogen  exists  in  such  a  form  that  it  will 
come  out  as  ammonia  or  hydrocyanic  acid.  When  the  coal  is  being 
distilled,  these  primary  decomposition  products  unite  in  various  com- 
binations to  give  the  ordinary  distillation  products.  Meyer  performed 
some  experiments  to  substantiate  this  theory.  By  passing  acetylene, 
mixed  sometimes  with  ammonia  or  hydrocyanic  acid,  through  a  heated 
tube,  he  obtained  a  variety  of  products,  among  which  were  benzene, 
toluene,  diphenyl,  styrol,  inden,  napthalene,  anthracene,  phenanthrene, 
pyrene,  fiuorene,  acenaphten,  chrysene,  hexylene,  pyridin,  anihn, 
carbazol,  and  benzonitrile.  All  these  products,  with  the  exception  of 
the  hexylene,  have  been  separated  from  coal  tar.  His  theory  of  coal 
composition  is  undoubtedly  at  least  partially  correct,  but  whether  it 
applies  to  all  the  organic  compounds  of  the  coal  is  doubtful  from  such 
evidence. 

The  largest  part  of  the  sulphur  of  coal  comes  off  on  distillation  as 
hydrogen  sulphide,  but  there  are  also  thiophen  compounds  in  the  tarry 
distillate.  The  presence  of  hydrogen  sulphide  indicates  not  only  the 
sulphur  lost  by  the  pyrites  on  heating,  but  may  show  the  presence  in 
the  coal  of  complex  organic  sulphur  compounds  of  a  protein  nature. 
From  Meyer's  theory  the  thiophen  ring  compounds  could  be  formed  by 
a  secondary  reaction  between  acetylene  and  hydrogen  sulphide;  there- 
fore the  presence  of  thiophen  or  its  derivatives  could  hardly  be  con- 
sidered as  proof  of  the  existence  in  the  coal  of  cychc  organic  sulphur 
compounds. 

Another  method  for  determining  the  composition  of  coal  is  by  means 
of  selective  solvents.  This  is  by  far  the  best  of  the  three  methods. 
Any  constituent  obtained  will  be  in  the  condition  in  which  it  existed 
in  the  coal  or  because  of  the  simplicity  of  the  extraction  the  original 
substance  may  be  easily  deduced.  This  method  of  analyzing  the  coal 
structure  is  increasing  in  use.f 

The  solubility  of  the  humus  acids  of  peat  in  alkalies  has  been  previ- 
ously mentioned.     F.  G.  Kaufmannf  has  regarded  peat  as  a  mixture  of 


*Bericlite  der  Deutschen  Chemischen  Gesellschaft,  Vol.  45,  p.  1609;  Vol.  46,  p.  3183,  1913. 

tJournal  of  the  Society  of  Chemioal  Industry,  Vol.  36,  p.  176,  1917. 
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two  substances,  dopplerite,  the  portion  soluble  in  caustic  alkali  solu- 
tions* and  another  substance  consisting  of  partly  decomposed  vegetable 
matter. 

By  the  solvent  method,  peat  has  also  been  found  to  contain  resinous 
substances  as  high  as  3.26  per  cent  of  the  content  of  the  peat.  The 
resins  are  extracted  by  using  hot  ether  or  alcohol  as  solvents.! 

Resinoids  and  fossil  hydrocarbons  are  abundant  in  Hgnites.  The 
fossil  hydrocarbons  are  generally  visible  as  definite  masses.  The 
resinoids  are  very  often  disseminated  throughout  the  coal;  conse- 
quently solvents  must  be  used  as  extraction  agents.  Benzene  and 
other  organic  solvents  will  extract  the  resins,  which  have  been  found 
to  be  indefinite  in  composition.  Watson  SmithJ  states  that  he  obtained 
9.5  per  cent  of  extractive  matter  by  the  action  of  benzene  on  a  Japanese 
lignite. 

Humus  compounds  are  present  in  lignites,  but  not  to  so  great  an 
extent  as  in  peat;  hence  xyloid  lignite  is  found  to  dissolve  in  caustic 
alkali  to  an  extent  somewhat  less  than  peat,  and  very  little  solvent 
action  can  be  obtained  with  the  more  compact  lignites. •[  Bituminous 
and  anthracite  coals  are  not  dissolved  at  all  by  alkaline  solutions;  so 
there  must  be  a  gradual  destruction  of  the  humus  compounds  during 
the  coal  evolution  process.  At  times  humus  bodies  are  found  in  large 
percentages.  Among  the  "paper  coals"  of  Russia  are  found  deposits 
of  humic  matter  soluble  in  ammonia.  §  In  Bohemian  browm  coal  von 
John  found  a  humus  acid,  with  the  approximate  formula  C46H16O25, 
soluble  in  ammonia  or  sodium  carbonate.**  A  fossil  humus  from  a 
Tertiary  deposit  near  Cassel,  Germany,  furnishes  the  pigment  known 
as  Cassel  brown. 

Fremytt  states  that  lignites  are  soluble  in  alkaline  hj^jochlorites, 
while  the  older  coals  are  not.  Nitric  acid  attacks  lignites  very  vigor- 
ously, and  causes  the  formation  of  a  yellow  resinous  body  which  will 
dissolve  in  an  excess  of  the  nitric  acid  or  in  an  alkaline  solution.  This 
property  of  the  lignites  is  very  important  from  the  standpoint  of  coal 
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constitution  and  has  been  used  with  marked  success  in  the  present 
research  to  determine  several  unknowns.  This  treatment  of  coal  with 
nitric  acid  cannot  be  regarded  as  a  simple  solution  method;  yet  it  is 
included  with  this  method  because  of  the  close  analogy  existing  between 
the  two. 

E.  Guignet*  was  the  first  investigator  to  study  in  much  detail  the 
action  of  nitric  acid  upon  coal,  and  he  concluded  that  the  products 
formed  were  similar  to  the  nitrocelluloses.  This  work  was  followed  by 
that  of  R.  J.  Friswell,t  who  fails  to  acknowledge  the  previous  work  of 
Guignet  on  this  subject  but  describes  the  phenomenon  accurately,  as 
follows : 

"If  bituminous  coal  in  fine  powder  be  covered  with  rather  more 
than  double  its  weight  of  49  per  cent  nitric  acid,  the  mass  rapidly  be- 
comes warm,  and  dense  red  fumes  are  given  off.  If  90  g.  of  coal  and 
200  cc.  of  the  acid  are  taken,  the  action  is  extremely  brisk,  and  the 
frothing  so  violent  that  a  2000  cc.  flask  is  requisite  to  contain  the  mass. 
In  about  30  minutes  the  action  slackens,  and  heat  being  now  applied, 
the  action  is  kept  going  at  such  a  rate  that  a  brisk  evolution  of  gas 
continues;  the  solution  is  gradually  raised  to  the  boiling  point  and  there 
maintained,  the  total  time  occupied  being  about  6  hours.  The  whole 
is  now  diluted,  poured  into  a  filter,  and  well  washed.  The  filtrate 
consists  of  dilute  nitric  acid,  with  salts  of  calcium,  iron,  etc.,  in  solution. 
The  black  residue  on  the  filter  is  apparently  unchanged  coal.  When 
washed  free  from  acid,  the  residue  is  introduced  into  a  flask  and  boiled 
with  a  dilute  solution  of  sodium  carbonate:  nearly  the  whole  dissolves, 
carbonic  anhydrids  being  briskly  evolved.  The  resulting  deep  black- 
brown  colored  liquid  filters  mth  great  difficulty,  but  by  careful  treatment 
with  water  in  deep  vessels  the  insoluble  matter  from  the  90  g.  of  coal  was 
found  to  be  12.5  g.,  consisting  of  coarse  particles  of  coal,  sand,  etc." 

He  proceeds  to  say  that  with  some  coals  practically  all  the  organic 
matter  of  the  coal  could  be  taken  into  solution  by  nitric  acid,  particu- 
larly if  the  coal  were  very  finely  divided.  If  the  filtered  solution  is 
acidified  with  hydrochloric  acid,  a  "bulky,  deep  brown-black,  flocculent 
precipitate"  is  formed,  which  is  insoluble  in  water  containing  traces 
of  mineral  salts  or  acids  but  which  is  fairly  soluble  in  boiling  distilled 
water  from  which  it  separates  again  on  cooling. 

This  "coal  acid,"  as  it  is  sometimes  called,  when  dried  at  100  degrees 
Centigrade  forms  shining  black  masses  with  conchoidal  fracture.     When 


♦Idem,  Vol.  88,  p.  590,  1879. 
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heated  on  platinum  foil,  the  substance  swells  into  a  brilliant  black  mass, 
resembling  very  much  in  this  respect  a  nitro  compound  of  high  carbon 
ratio.  To  investigate  this  resemblance,  Friswell  attempted  reduction 
by  means  of  zinc  dust  and  caustic  soda  and  also  by  sodium  amalgam 
and  acid  reducing  mixtures,  but  in  no  case  was  there  formed  a  nitro 
reduction  product.  Dry  distillation  with  zinc  dust  drove  off  the 
nitrogen  in  the  form  of  ammonia,  pyridin,  and  cyanides. 

The  coal  acid  seemed  to  be  similar  to  the  humus  acids  of  peat,  but 
it  is  different  in  several  respects.  In  the  first  place  the  coal  acid  is  not 
hygroscopic  as  humus  acids  have  been  found  to  be.  After  the  coal 
acid  is  dried,  it  may  again  be  dissolved,  but  the  humic  acid  will  not 
dissolve.  The  coal  acid,  furthermore,  does  not  yield  acetic  acid  on 
dry  distillation.  Some  of  the  humus  acids  yield  ammonia  when  boiled 
with  alkalies,  differing  in  this  icspect  from  coal  acid  as  might  be  expected 
from  evidence  that  it  is  a  nitro  compound. 

This  work  was  followed  by  that  of  Anderson  and  Roberts,*  who 
investigated  particularh^  the  ultimate  composition  of  the  coal  acid  and 
its  relationship  to  the  tji^e  of  coal.  They  found  that  the  substance 
consisted  of  carbon,  hydrogen,  oxygen,  nitrogen,  and  sulphur  together 
with  a  small  quantity  of  ash,  mostly  iron  oxide.  For  the  same  type  of 
coal  they  found  the  composition  almost  constant.  After  the  coal  was 
treated  with  nitric  acid  and  then  with  ammonia,  only  a  very  slight 
residue  remained.  This  residue  was  found  to  consist  of  36  per  cent 
mineral  matter  and  occluded  organic  matter  which  was  very  similar 
to  the  coal  acid  and  which  would  probably  have  gone  into  solution  had 
it  not  been  so  intimately  mixed  with  the  other  residual  substances. 
They  assert  that  the  presence  of  sulphur  in  the  coal  acid  is  the  first  proof 
of  the  existence  of  organic  sulphur  in  the  coal. 

In  order  to  get  some  more  data  on  the  nature  of  the  coal  acid, 
Anderson  and  Roberts  heated  samples  of  Ell  coal  for  four  hours  in  a 
stream  of  carbon  dioxide  at  300-315  degrees  Centigrade.  At  the  end 
of  this  time  the  dry  Ell  coal  was  found  to  have  lost  about  9.5  per  cent 
of  its  weight.  The  residue  was  treated  in  the  usual  manner  to  obtain 
the  coal  acid,  and  an  ultimate  analysis  was  then  made.  After  the  analy- 
sis of  this  substance  was  compared  with  that  of  the  coal  acid  from  the 
original  coal,  the  two  were  found  to  be  practically  identical  in  ultimate 
composition;  consequently  the  conclusion  is  drawn  that  the  "nitrogenous 
molecule"  of  the  coal  is  stable  at  that  temperature.  Other  experiments 
and  particularly  portions  of  the  present  research  show  that  this_^organic 

♦Journal  of  the  Society  of  Chemical  Industry,  Vol.  17,  p.  1013,  1898. 
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component,  comprising  the  larger  part  of  the  coal  matter,  is  unusually 
stable,  not  only  to  heat,  but  to  many  strong  chemical  reagents. 

More  work  was  done  on  coal  solvents  by  a  committee  of  the  British 
Association,*  but  this  work  was  incomplete.  In  addition  to  other 
solvents,  the  action  of  a  mixture  of  hydrochloric  acid  and  potassium 
chlorate  was  tried  on  coals.  This  oxidizing  reagent  seemed  to  differ 
in  its  mode  of  action  from  nitric  acid  in  that  the  final  product  appeared 
to  be  a  chlorinated  substance. 

Considerable  investigation  has  been  undertaken  by  E.  Donath  on 
the  reaction  of  nitric  acid  with  coal.f  He  finds  that  dilute  nitric  acid 
will  react  vigorously  with  lignite,  but  has  no  action  on  bituminous  coal. 
He  concludes,  therefore,  that  the  one  is  not  a  transformation  product 
of  the  other,  but  that  they  have  entirely  different  origins.  This  con- 
clusion, although  partially  true,  is  probably  too  sweeping  in  character.  J 

Franz  Fisher  in  recent  years  has  tested  the  action  of  ozone  on  coal.^ 
He  finds  that  after  ozone  has  been  allowed  to  act  on  finely  powdered  coal, 
the  coal  is  in  such  a  condition  that  as  much  as  92  per  cent  of  it  may  be 
soluble  in  water.  The  substance  appears  to  be  acidic  in  character, 
and  is  probablj-  intimately  related  to  the  product  resulting  from  the 
action  of  nitric  acid  on  coal. 

The  solution  methods  so  far  given  have  been  particularly  of  a  destruc- 
tive nature  to  the  coal  substance.  Other  investigations  have  been 
made  with  simple  solvents,  which  have  presumably  extracted  the 
unchanged  coal  constituents.  The  first  reference  to  work  of  this  kind 
is  in  a  report  to  the  Commissioners  of  the  1851  Exhibition  by  Doctor 
Smythe  of  Gottingen.  He  tried  the  following  solvents,  given  in  the 
order  of  their  extractive  ability,  on  a  brown  Cologne  coal,  benzene, 
chloroform,  alcohol,  ethyl  ether,  petroleum  ether,  and  acetone.  § 

Reinsch**  in  1885  tried  the  action  of  alkaline  solutions  on  the  raw 
coals.  He  believed  coals  to  be  composed  of  two  characteristic  sub- 
stances, which  could  be  distinguished  by  this  reaction. 
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In  1901  Baker  investigated  the  action  of  pyridin  on  coals.*  He 
found  that  only  a  very  small  percentage  of  the  anthracite  coal  was 
soluble,  while  in  some  cases  as  much  as  20.4  per  cent  of  bituminous 
coals  went  into  solution.  The  solutions  were  brown  colored  and  some- 
times fluorescent.  No  relationship  could  be  obtained  in  the  proportion 
of  the  elements  in  the  coal,  the  residue,  and  the  extract.  Anderson 
and  Henderson  also  did  some  work  on  the  pyridin  solution  of  coal.f 
This  investigation  was  undertaken  with  three  types  of  coal,  Japan, 
Bengal,  and  Scotch,  and  the  extracts  from  all  seemed  to  be  similar  in 
properties  and  chemical  constitution. 

A  similar  research  was  carried  out  by  Donath  on  a  German  coal.t 
By  treating  a  coal  with  pyridin,  he  obtained  a  brownish-red  solution, 
which  gave  a  flocculent  brown  precipitate  on  addition  of  water  or  petro- 
leum ether. 

Bedson  in  1908  performed  a  number  of  experiments  with  the  pyridin 
extraction  of  coal.^  He  found  that  gas  coals  yielding  from  64  to  66  per 
cent  of  coke  gave  from  24  to  35  per  cent  of  pyridin  soluble  material. 
Bedson  thought  that  the  pyridin  soluble  substances  had  some  relation- 
ship to  the  volatile  matter,  but  this  supposition  seemed  to  be  disputed 
by  the  work  of  Dennstedt,  Hassler,  and  Bunz,§  who  found  that  coals 
yielding  from  62  to  87  per  cent  of  coke  (on  an  ash  free  basis)  gave  a 
pyridin  extract  which  had  only  from  0.6  to  18  per  cent  of  soluble  matter. 
Wornast  tried  out  the  relationships  on  different  gas  coals.**  A  Loth- 
ringer  gas  coal  yielding  50  per  cent  coke  gave  an  extract  of  12  per  cent, 
while  a  Westphalian  gas  coal  yielding  62  per  cent  coke  gave  29  per  cent. 
Rau  concludes  from  results  of  this  sort  that  in  general  more  recent  coals 
give  a  smaller  extract  than  gas  coals,  that  the  maximum  extract  is 
reached  at  a  coke  yield  of  about  65  per  cent,  and  that  the  amount  of 
extract  again  decreases  until  anthracite  coals  give  almost  nothing. 

Lewes  investigated  the  action  of  pyridin  on  coal,  particularly  with 
reference  to  its  effect  on  the  coking  properties. ft  He  states  that  the 
coking  power  of  a  coal  is  mostly  or  entirely  removed  by  the  pyridin 
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extraction,  and  ascribes  this  fact  to  the  removal  of  resinic  bodies  neces- 
sary to  the  coking  of  a  coal.  He  explains  the  retention  of  the  coking 
properties  by  some  coals  even  after  pyridin  extraction  by  assuming 
the  presence  of  a  resinic  body  not  soluble  in  the  pyridin.  Lewes,  in 
addition  to  previous  investigators,  had  noticed  that  some  coals  yielded 
a  higher  percentage  of  volatile  matter  after  rather  than  before  extrac- 
tion, and  he  believed  that  this  phenomenon  was  due  to  the  retention 
of  some  of  the  pyridin.  His  conclusions  on  the  nature  of  the  resinic 
bodies  were  that  they  were  of  two  kinds,  ''the  one  easily  oxidizable, 
soluble  in  pyridin  and  saponifiable  by  alkalies,  and  which  on  weathering 
is  oxidized  into  a  humus  body  with  the  evolution  of  water  and  carbon 
dioxide,  and  is  responsible  for  the  heating  of  coal  in  storage;  the  other 
class  non-oxidizable,  not  saponified  by  alkalies,  and  forming  with 
pyridin  a  compound  insoluble  in  excess  of  the  reagent,  and  this  class 
may  be  the  hydrocarbons  from  decomposed  resins,  as  the  residue  in 
which  they  are  present  yields  rich  liquid  hydrocarbons,  as  tar  and 
pitch,  but  not  rich  in  gas." 

Wahl  in  1912  investigated  the  action  of  certain  coals  toward  pyridin.* 
He  found  the  volatile  matter  in  the  coal  higher  than  that  of  the  residue 
after  pyridin  extraction.  The  coke  produced  from  the  residue  was  more 
compact  than  that  of  the  original  coal. 

In  1912,  Frazer  and  Hoffman  published  the  results  of  their  researches 
on  the  action  of  phenol  on  coal.f  Before  deciding  on  the  use  of  phenol 
as  an  extractive  agent,  they  tried  various  other  solvents,  but  they  found 
that  phenol,  pyridin,  and  anilin  gave  the  best  results.  A  non-coking 
bituminous  coal  from  Franklin  County,  Illinois,  was  selected  for  the 
investigation.  A  large  quantity  was  finely  ground  and  extracted  with 
phenol  at  140  degrees  Centigrade  for  about  10  hours,  and  then  the  mix- 
ture was  filtered.  The  extract  was  a  dark  red  and  was  concentrated 
under  diminished  pressure  to  separate  most  of  the  phenol;  then  the 
remainder  of  the  phenol  was  washed  out  by  means  of  sodium  hydroxide. 
The  residue  from  the  phenol  extraction  was  not  studied  any  further, 
but  the  phenol  soluble  material  was  treated  with  a  10  per  cent  sodium 
hydroxide  solution.  Both  the  soluble  portions  of  this  sodium  hydroxide 
treatment  were  extracted  with  ether.  In  both  cases,  the  ether  insoluble 
compounds  showed  not  only  carbon,  hydrogen,  and  oxygen,  but  also 
sulphur  and  nitrogen,  while  the  ether  soluble  compounds  showed  only 
the  first  three.     Each  of  the  four  mixtures  was  further  separated  by 

*Comptes  Rendus  de  TAcad^mie  des  Sciences,  Vol.  154,  p.  1094,  1912. 

f'The  Constituents  of  Coal  Soluble  in  Phenol."     U.  S.  Bureau  of  Mines,  Technical  Paper  5,  1912 
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means  of  other  solvents  and  fractional  distillation  in  certain  cases,  until 
about  thirty  different  substances  had  been  obtained  and  analj^zed. 
Frazer  and  Hoffman  assmned  these  substances  to  be  the  same  as  in  the 
coal,  and  thought  the  evidence  was  fairly  conclusive  that  these  sub- 
stances nearly  approached  being  pure  compounds. 

In  1913,  Pictet  and  Ramseyer  extracted  coal  Avith  benzene.  The 
oil  so  obtained  was  fractionated  by  distillation  and  the  different  frac- 
tions studied.  From  this  investigation,  they  believe  coal  to  contain 
polymerized  hydroaromatic  hydrocarbons.* 

From  their  work  on  the  phenol  extraction  of  coal  in  1913,  Clark  and 
Wheeler  believed  coal  to  be  composed  of  two  types  of  substances. t 
They  called  them  the  "hydrogen  ^adding"  and  the  paraffin  jdelding, 
respectively.  The  distinction  refers  principally  to  the  ease  of  decom- 
position, since  it  has  been  found  that  there  is  a  large  amount  of  hydrogen 
released  between  750  and  800  degrees.  They  considered  the  pyridin 
insoluble  substance  to  be  a  degradation  product  of  cellulose.  They 
were  somewhat  doubtful  whether  the  pyridin  extract  consisted  entirely 
of  resinous  material,  but  when  the  pyridin  soluble  substance  was 
extracted  with  chloroform,  nearly  pure  resinous  material  was  dissolved. 
This  work  of  Clark  and  Wheeler  as  well  as  that  of  White}  and  Jeffrey^ 
has  fairly  definitely  established  the  hj-pothesis  of  the  two  general  tj'pes 
of  bodies  in  coal,  first  the  degradation  products  of  cellulose,  and  secondly 
the  resinic  type  of  bodies. 

In  conformity  with  this  idea,  Parr  and  Hadley  studied  the  phenol 
extraction  of  coal,  with  particular  reference  to  the  properties  of  both 
the  extract  and  the  insoluble  residue.  §  The  temperature  in  all  these 
experiments  was  above  110  degrees  Centigrade.  The  results  of  this 
work  may  briefly  be  summarized  as  follows.  The  amount  of  soluble 
material  varied  in  different  types  of  coal,  for  example,  Vermilion 
County  coals  yielded  from  35  to  40  per  cent  of  soluble  matter,  Madison 
and  Montgomery  county  coals  from  30  to  35  per  cent,  and  Williamson 
County  coals  only  from  20  to  30  per  cent.  All  these  figures  are  on  an 
ash  and  moisture  free  basis.  The  residue  from  the  extraction  would 
not  coke;  thus  the  coking  constituent  was  shown  to  be  in  the  phenol 
extract.     Both  residue  and  extracted  material  oxidized  at  room  tem- 
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perature  and  more  rapidly  at  100  degrees  Centigrade.  The  extract 
contained  more  volatile  matter  than  did  the  residue,  although  the  ulti- 
mate composition  was  about  the  same  in  both  cases,  and  the  gases 
released  have  about  the  same  composition.  Some  other  facts  con- 
cerning the  oxidation  of  coal  were  established  by  this  process. 

The  method  of  extraction  which  Parr  and  Hadley  used  was  con- 
tinuous in  its  action,  that  is,  fresh  solvent  was  at  all  times  acting  on  the 
finely  powdered  coal.  The  coal  was  contained  in  an  extraction  thim- 
ble supported  in  a  Kjeldahl  flask,  in  the  bottom  of  which  was  the 
boiling  phenol.  The  vaporized  phenol  was  condensed  at  the  top  of 
the  flask  by  a  boiling  toluene  condenser,  so  that  the  phenol  would  drop 
on  the  coal  at  a  temperature  of  110  degrees  Centigrade  or  more.  Car- 
bon dioxide  was  passed  through  the  extraction  flask  to  prevent  oxidation 
by  the  air. 

Regarding  the  distribution  of  sulphur  between  the  residue  and 
extract,  the  following  statement  is  made: 

"It  is  to  be  noted  that  the  percentage  of  sulphur  in  the  residue  is 
high.  This  is  to  be  accounted  for  by  the  fact  that  the  residue  contained 
practically  all  of  the  ash  that  was  present  in  the  coal.  That  there  was 
some  sulphur  in  the  extract  was  taken  to  indicate  that  a  part  of  the 
sulphur  in  the  coal  was  present  in  the  organic  form."* 


*Parr,  S.  W.,  and  Hadley,  H.  F.,  "The  Analysis  of  Coal  with  Phenol  aa  a  Solvent."     Univ.  of  III. 
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APPENDIX   II 

The  Development  of  a  Method  for  Analyzing  the   Different 
Forms  of  Sulphur  in  Coal  by  Other  Investigators 

Many  methods  have  been  devised  for  the  determination  of  the  total 
sulphur  in  coal,  all  of  them  depending  on  the  use  of  an  oxidizing  reaction 
sufficiently  strong  to  convert  every  form  of  sulphur  in  the  coal  into 
soluble  sulphate.  The  practical  importance  of  total  sulphur  determi- 
nations has  long  been  recognized,  because  in  the  combustion  of  high 
sulphur  coals  large  quantities  of  corrosive  gases  are  released  and  because 
in  coking  processes  a  large  percentage  of  the  sulphur  is  retained  in  the 
coke. 

Any  relationship,  however,  between  the  amount  of  total  sulphur 
and  the  amount  of  sulphur  in  flue  gases  or  coke  has  never  been  found, 
because  the  sulphur  does  not  exist  in  only  one  form,  but  in  several 
entirely  different  combinations.  Any  method  for  analyzing  the  separ- 
ate forms  of  sulphur  in  coal  would  help  to  solve  these  problems.  Engi- 
neers are  now  realizing  the  importance  of  such  a  method,  since  data 
obtained  from  such  analyses  would  give  information  necessary  in 
deriving  the  correct  heating  value  of  the  coal,  the  amount  and  character 
of  corrosive  gases,  and  the  distribution  of  sulphur  in  coking,  while  a 
total  sulphur  analysis  gives  these  data  in  only  a  very  general  manner.* 
Some  method  for  obtaining  these  data  would  be  of  scientific  value,  since 
it  would  be  one  more  step  toward  the  determination  of  coal  constitution. 

W.  A.  Bradbury  in  1878  indicated  that  sulphur  exists  in  coal  in 
organic  combination,  f  The  first  method  proposed  to  determine  this 
organic  sulphur  separately  from  the  inorganic  was  that  of  T.  M.  Drowm.J 
He  treated  the  finely  powdered  coal  with  a  sodium  hydroxide  solution 
of  1.25  sp.  gr.,  which  had  previously  been  saturated  uath  bromine. 
After  this  sodium  hjT^obromite  treatment,  the  solution  was  acidified 
with  hydrochloric  acid,  and  then,  if  necessary,  the  hypobromite  treat- 
ment repeated  on  the  residue.  The  solution  was  evaporated  to  get  rid 
of  silica,  taken  up  in  hydrochloric  acid  and  water,  and  the  sulphate 
precipitated.     Drown  claims  that  onl}-  the  sulphur  existing  as  pj^ites 


♦Martineau,  Albert,  "The  Effect  of  Sulphur  on  the  Value  of  Coal,"  Electrical  World,  Vol.69 
p.  698,  1917. 
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and  sulphate  are  taken  into  solution  by  this  method;  therefore  the 
organic  sulphur  is  left  in  the  residue. 

The  same  investigator  also  tried  the  effect  of  hydrochloric  acid  and 
potassium  chlorate  on  the  same  coals.  By  this  method,  the  coals  having 
a  small  percentage  of  pyrites  gave  the  same  results  as  with  the  other 
method,  but  those  containing  much  pyrites  gave  higher  results.  With 
the  hypobromite  method  very  good  checks  were  obtained,  but  Drown 
could  offer  no  proof  that  only  the  inorganic  sulphur  was  dissolved. 

The  next  year  Helm  attacked  the  problem  from  the  side  of  the 
organic  sulphur  constituents.*  He  tried  the  action  of  alcohol,  ether, 
benzene,  and  alcoholic  potassium  hydroxide  on  coal  with  the  idea  of 
extracting  all  the  organic  sulphur.  Nothing  definite,  however,  resulted 
from  this  work. 

Ferdinand  Fisher  followed  up  the  work  of  Drown  on  the  separation 
of  the  inorganic  from  the  organic  sulphur. f  He  treated  samples  of 
powdered  coal  with  water  and  then  added  bromine  gradually.  At  the 
end  of  five  hours  the  reaction  was  complete,  but  when  the  water  had 
been  heated  to  70  degrees  Centigrade  before  beginning  the  experiment, 
the  time  required  was  only  one-half  hour.  The  mixture  was  filtered, 
and  sulphur  and  iron  were  determined  in  the  filtrate. 

Bromine  reacts  with  pyrites  as  follows: 
2  FeSi  plus  15  Br,  plus  16  H20  =  Fe2(S04)3  plus  H.SO4  plus  30  HBr 
The  pyrites  should  therefore  all  pass  into  solution,  and  both  the  iron 
and  sulphur  would  be  found  in  the  filtrate.  Fisher  at  this  time  recog- 
nized that  iron  existed  in  other  forms  besides  pyrites,  since  the  residue 
from  these  extractions  contained  considerable  iron.  The  ratios  between 
the  percentages  of  iron  and  sulphur  in  the  filtrate  were  variable  and  did 
not  indicate  that  only  the  pyrites  was  extracted.  In  some  cases  the 
sulphur  was  higher  than  indicated  by  the  formula  FeS2,  while  in  others 
the  sulphur  was  lower.  This  latter  discrepancy  was  explained  by 
assuming  that  another  form  of  iron  went  into  solution  or  that  all  the 
sulphur  had  not  been  made  soluble.  Apparently  no  dilute  hydrochloric- 
acid-soluble-iron  nor  sulphur  had  been  determined  on  the  coals  used  as 
samples. 

Fisher  believed  that  his  method  was  not  safe  as  a  means  for  deter- 
mining the  inorganic  as  distinguished  from  the  organic  sulphur,  since 
some  of  the  organic  sulphur  might  be  oxidized  by  the  bromine  to  sul- 
phate and  since  some  of  the  sulphate  might  be  taken  up  by  unsaturated 
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organic  compounds.  From  his  investigations,  he  came  to  the  conclu- 
sion that  the  larger  part  of  sulphur  in  coal  was  in  the  organic  form,  a 
fact  which  had  not  received  much  consideration  before  that  time. 

In  more  recent  years  a  method  has  been  used  for  the  determination 
of  the  different  forms  of  sulphur  in  coal  depending  on  certain  assump- 
tions regarding  the  structure  of  coal.  In  the  first  place,  all  the  iron 
not  soluble  in  dilute  hydrochloric  acid  is  assumed  to  be  combined  as 
pyrites,  and  the  pyrite  sulphur  is  therefore  estimated  on  the  basis  of 
FeS2.  Iron,  however,  may  exist  as  the  silicate,  sometimes  in  large 
quantities;  so  there  is  a  very  weak  point  in  this  scheme  of  analysis. 
The  sulphur  soluble  in  dilute  hydrochloric  acid  is  taken  as  the  sulphate 
sulphur,  undoubtedly  a  correct  assumption.  After  these  two  forms  of 
sulphur  are  determined,  the  others  are  regarded  as  organic  sulphur.  No 
proof  has  as  yet  been  given,  however,  that  the  remainder  is  entirely 
organic  sulphur.  Because  of  the  assumptions  on  which  this  method 
depends  and  the  indirect  manner  of  obtaining  results,  some  effort  has 
been  made  to  get  a  more  direct  and  more  nearly  exact  procedure. 

In  1915,  E.  F.  Charlton  performed  some  experiments  in  the  Chemis- 
try Laboratory  of  the  University  of  Illinois  to  obtain  a  direct  method 
for  the  determination  of  organic  sulphur  in  coal.  His  process  was 
essentially  the  phenol  extraction  method  of  Parr  and  Hadley,  previ- 
ously described.  The  residue  and  extract  were  therefore  analyzed  by 
sodium  peroxide  fusion  for  their  sulphur  content.  His  procedure  was 
based  on  the  theory  that  the  residue  or  insoluble  portion  of  the  coal  left 
after  the  phenol  treatment  contained  all  the  inorganic  sulphur  and 
that  the  portion  soluble  in  phenol  contained  all  the  organic  sulphur. 
This  hypothesis  seemed  to  apply  in  the  case  of  low-sulphur  coals,  but 
in  high  sulphur  coals  the  amount  of  sulphur  remaining  in  the  insoluble 
residue  was  so  excessive  as  compared  with  iron  present  that  it  was 
impossible  to  assign  such  sulphur  to  any  mineral  combination.  Hence 
the  question  arose  whether  the  phenol  was  taking  out  all  the  organic 
sulphur  and  leaving  an  unknown  inorganic  form  still  remaining  in  the 
residue,  or  whether  the  phenol  was  indeed  not  extracting  all  the  organic 
sulphur.  That  the  extracted  sulphur  compounds  were  organic  was 
definitely  proved  by  the  fact  that  the  soluble  material  left  no  ash  on 
ignition. 
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APPENDIX   III 

Changes  in  the  Forms  of  Sulphur  in  Coal 

When  coal  is  allowed  to  remain  exposed  to  the  air  for  any  length  of 
time,  certain  fundamental  changes  take  place,  the  exact  nature  of  which 
has  been  only  partially  determined.  Since  these  changes  affect  the 
heating  and  coking  value  of  the  coal  to  a  great  extent,  numerous  inves- 
tigations have  been  made  in  order  to  learn  the  conditions  which  will 
prevent  the  occurrence  of  these  changes. 

Parr  and  Hamilton*  have  reviewed  some  of  the  work  done  on  this 
problem  and  from  their  own  observations  have  come  to  the  following 
conclusions : 

(1)  Submerged  coal  loses  no  heat  value. 

(2)  Outdoor   exposure   causes   loss   of  heat  value  from  2  to   10 

per  cent. 

(3)  High  sulphur  coals  oxidize  in  the  open  more  than  under  cover, 

since  the  oxidation  of  the  sulphur  promotes  other  disinte- 
gration. 

(4)  The  main  loss  occurs  in  the  first  five  months  after  mining. 
Even  when  coal  samples  were  sealed  tightly  to  eliminate  all  air, 

considerable  deterioration  occurred.  Parr  and  Wheelerf  have  shown 
that  the  heating  value  of  coal  kept  under  these  conditions  may  decrease 
as  much  as  4.3  per  cent.  Gases  seem  to  be  given  off  continually,  but 
with  the  greatest  volume  during  the  first  two  or  three  weeks  of  storage. 
Oxidation  also  occurs,  due  probably  to  the  absorption  of  some  oxygen. 
In  1910  M'Callum  conducted  an  investigation  to  determine  the 
effect  of  different  percentages  of  organic  and  inorganic  sulphur  in  the 
coal  on  the  amount  of  residual  sulphur  when  the  coal  was  coked.  | 
The  coal  used  was  from  Nova  Scotia.  It  was  finely  ground  and  then 
separated  into  different  samples  by  using  solutions  of  different  specific 
gravities.  By  this  method,  five  samples  were  obtained  and  analyzed 
for  their  organic  and  inorganic  sulphur  content.  This  analysis  was 
made  by  calculating  the  sulphur  which  would  unite  with  the  total  iron 
to  form  pyrites  and  by  calling  this  the  inorganic  sulphur.  The  remaining 
sulphur  was  considered  as  organic.     M'Callum  claimed  that  no  sulphate 
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sulphur  was  present.  He  believed  also  that  silicate  iron  was  so  low 
that  it  might  be  disregarded.  He  apparently  did  not  determine  the 
dilute-hydrochloric-acid-soluble  iron.  With  these  very  evident  sources 
of  error  in  his  scheme  of  analysis,  however,  he  found  that  the  five 
samples  varied  in  organic  sulphur  content  from  37  per  cent  of  the  total 
sulphur  to  85  per  cent. 

Each  of  these  samples  was  then  coked  to  get  the  relative  amounts  of 
volatile  and  residual  sulphur.  Where  the  organic  sulphur  was  present 
as  37  per  cent  of  the  total  sulphur,  the  volatile  sulphur  ran  33  per  cent, 
and  where  the  organic  sulphur  was  85  per  cent,  the  volatile  sulphur  ran 
52  per  cent.  No  definite  relationship  seemed  to  exist  between  the 
amount  of  organic  sulphur  and  the  volatile  sulphur,  except  that,  in 
general,  where  the  organic  sulphur  was  high,  the  volatile  sulphur  was 
also  high.  This  experiment  seemed  to  disprove  one  of  the  old  theories 
that  coking  a  coal  drove  out  all  the  organic  sulphur  and  one-half  of  the 
pyritic  sulphur.  His  conclusion  was  that  "a  very  considerable  part 
of  the  organic  sulphur  is  volatilized." 

Bradbury*  as  early  as  1878  studied  the  forms  of  sulphur  in  coke.  He 
treated  the  finely  powdered  coke  with  dilute  hydrochloric  acid  and 
collected  and  determined  all  the  hydrogen  sulphide  given  off.  The 
dilute  hydrochloric  acid  solution  was  analyzed  for  sulphate  sulphur 
and  for  iron.  The  residue  was  then  treated  with  concentrated  aqua 
regia  and  potassium  chlorate  and  this  solution  was  also  analyzed  for 
sulphur. 

His  results  showed  that  only  a  small  portion  of  the  total  sulphur  of 
the  coke  existed  as  sulphide  sulphur,  that  practically  none  existed  as 
sulphate  sulphur,  and  that  even  the  strong  oxidizing  influence  of  the 
aqua  regia-potassium  chlorate  mixture  failed  to  take  out  more  than  a 
small  part  of  the  total  sulphur.  From  these  results  he  concluded  that 
the  larger  part  of  coke  sulphur  was  in  an  organic  form.  Practically  all 
the  iron  of  the  coke  was  dissolved  by  the  dilute  hydrochloric  acid;  thus 
the  iron  pyrites  of  the  original  coal  had  been  completely  decomposed 
during  the  coking  process. 


♦Chemical  News.  Vol.  38,  p.  147,  187S. 
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REPORT   OF   PROGRESS   IN   WARM-AIR   FURNACE 
RESEARCH 


I.     Preliminary  Statement 

This  Bulletin  is  a  preliminary  report  of  progress  under  the  present 
cooperative  agreement  between  the  National  Warm-Air  Heating  and 
Ventilating  Association  and  the  University  of  Illinois  for  an  investi- 
gation of  warm-air  furnaces  and  furnace  heating  systems.  The 
agreement  was  formally  approved  in  August  and  became  operative 
on  October  1,  1918.  Such  work  as  is  here  reported  was  done  be- 
tween October,  1918,  and  Maj^,  1919,  and  the  results  are  set  forth 
in  a  more  or  less  summarized  form  giving  such  information  and  typical 
test  data  as  will  prove  of  most  interest  to  the  Association  for  con- 
sideration at  its  meeting  in  Columbus,  Ohio,  on  June  11,  1919. 

Under  the  terms  of  this  present  agreement,  the  Association  is  to 
provide  funds  in  an  amount  not  to  exceed  $8,000  for  a  period  of  one 
year  to  defray  part  of  the  expense  of  this  research  work.  The  Uni- 
versity through  its  Engineering  Experiment  Station  is  to  assume  the 
responsibility  of  maintaining  the  necessary  staff  and  conducting  the 
investigation  and,  of  course,  it  is  further  responsible  for  the  reliability 
and  unbiased  character  of  all  results  obtained.  To  this  latter  end,  the 
Engineering  Experiment  Station  reserves  the  exclusive  right  to  publish 
any  and  all  test  data  and  results.  Such  publication  will  be  made 
from  time  to  time  in  official  bulletins  of  the  Station  for  the  purpose  of 
furnishing  whatever  scientific  and  technical  data  are  developed  in  this 
work  for  the  benefit  of  the  engineering  profession  and  the  warm-air 
furnace  industry. 

It  should  be  noted  at  the  outset  of  this  discussion  that  the  funda- 
mental ideas  involved  in  the  methods  used  in  this  investigation,  as 
well  as  the  furnace  plant  itself  and  its  essential  features,  were  developed 
and  put  into  operation  by  the  Department  of  Mechanical  Engineering 
of  the  University  of  Illinois  in  the  spring  of  1918.  Reahzing  the  great 
possibilities  in  extending  the  scope  and  value  of  the  investigation  by 
enlisting  the  active  support  and  interest  of  the  Manufacturers'  Asso- 
ciation, a  formal  proposal  for  a  cooperative  investigation,  presented  in 
Appendix  II,  was  made  to  the  Association  in  June,  1918,  at  its  annual 
meeting  in  Milwaukee,  Wisconsin.  This  proposal  received  the  unquali- 
fied approval  of  the  Association. 
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Objects  of  the  Investigation 

The  principal  objects  of  the  investigation  are  briefly  stated  as 
follows : 

(1)  To  determine  the  efficiency  and  capacity  of  commercial  warm- 
air  furnaces  under  conditions  similar  to  those  existing  in  actual 
installations  with  leaders,  stacks  and  registers  to  form  a  com- 
plete system. 

(2)  To  determine  satisfactory^  and  simple  methods  for  rating 
furnaces  so  that  the  proper  size  and  type  of  furnace  can  be 
definitely  selected  for  the  service  required. 

(3)  To  determine  methods  of  increasing  the  efficiency  and  capacity 
of  furnace  heating  equipment  and  the  advantages  or  desir- 
ability of  certain  types  of  design. 

(4)  To  determine  the  heat  losses  in  furnace  heating  systems 
and  the  value  of  insulating  materials  as  affecting  the  economy 
of  the  furnace  or  the  leaders  and  stacks,  and  finally  of  the 
system  as  a  whole. 

(5)  To  determine  the  proper  sizes  and  proportions  of  leaders, 
stacks,  and  registers  supplying  air  to  first,  second  and  third 
floors. 

(6)  To  determine  the  friction  losses  in  the  cold  air  or  recirculating 
ducts  and  registers  and  their  proper  size,  proportions  and 
arrangement  or  location. 

(7)  Eventually,  to  make  a  study  and  comparison  of  outside  and 
inside  air  circulation  as  affecting  the  economy  and  operation 
of  furnace  systems. 
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Fig.     1.     The   Main   Plant,    Showing  Present   Arrangement. 
Note   Inlet   Calibration  Plant  at  the  Left 


Fig.  2.     Side   View   of   Main   Plaxt,   Showing  Uehlixg   CO2   Apparatus   at 
Right,  with  Air  Inlet  Connections  Behind  Uehling  Apparatus 
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II.     Special  Problems  Involved  in  the  Measurement  of 
Temperatures 

This  investigation  involves  two  special  problems  the  correct 
solution  of  which  is  absolute!}^  \dtal  to  its  success.  Their  existence 
was  recognized  from  the  outset,  and  the  difficulties  involved  in  their 
solution  account  for  the  fact  that  practically  no  testing  work  using  a 
complete  plant  has  ever  been  done  in  the  field  of  gravity'  furnace  heating, 

Meastirement  of  Temperatures 

The  first  problem  involves  the  accurate  measurement  of  air  tem- 
peratures at  a  great  many  points  ranging  from  the  air  inlet,  through 
the  furnace  casing  to  the  bonnet,  and  then  through  leaders,  boots  and 
stacks  to  the  register  outlets  on  the  various  floors.  From  a  consider- 
ation of  the  fact  that  a  ten-leader  plant  (Figs.  1  and  2)  is  in  operation 
in  these  tests  it  will  be  apparent  that  from  forty  to  fiftj^  or  more  tem- 
peratures must  be  measured,  checked  and  recorded  ever}'  time  a  set 
of  readings  is  taken  during  a  test.  As  from  five  to  six  sets  of  readings 
are  necessary  on  each  test  it  is  evident  that  a  very  elaborate  and 
an  accurate  system  (Fig.  3)  of  temperature  measurement  is  required. 

By  the  use  of  thermocouples  which  are  connected  to  a  very  sensi- 
tive milli- voltmeter  and  galvanometer  located  at  a  central  switch- 
board (Fig.  4)  these  various  temperatures  are  quickly  and  accurately 
indicated  in  terms  of  electrical  units  which  are  later  converted  into 
degrees  Fahrenheit  for  use  in  making  computations.  This  important 
and  unusual  feature  of  the  testing  plant  has  been  developed  by  Professor 
A.  P.  Kratz  who  has  also  devised  a  very  convenient  poi'table  equip- 
ment in  the  shape  of  an  electrically  heated  calibrating  apparatus  for 
checking  the  accuracy  of  anj^  thermocouple  at  am-  time  %vithout  remov- 
ing it  from  the  plant. 

Discussion  of  the  Temperature  Measurement  System  Now  in  Use.  — 
Since  the  temperatures  to  be  measured  in  this  investigation  are  in  most 
cases  comparatively  low,  and  hence  the  electromotive  force  in  the 
circuit  small,  the  use  of  the  deflection  method  was  considered  inadvis- 
able because  the  readings  in  this  case  are  not  independent  of  the  resist- 
ance in  the  circuit  and  are  liable  to  errors  due  to  change  in  this  resistance. 
The  PjTovolter  was  found  to  be  sufficiently  accurate  for  the  purpose 
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Fig.  4.     Thermocouple   Switchboard   Showing   Pyrovolter,    Cold   Junction 
Box,  AND  Wiring  Connections 
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in  view,  and  since  the  principle  involved  embodies  the  measurement 
of  the  electromotive  force  with  zero  current  in  the  circuit,  the  same  as 
with  the  potentiometer,  thus  making  the  readings  independent  of  the 
external  resistance,  it  was  adopted.  In  using  this  instrument,  the 
electromotive  force  of  the  couple  is  balanced  against  the  fall  of  potential 
across  a  fixed  resistance,  and  the  current  which  produced  this  fall  is 
immediately  read  on  a  galvanometer  placed  in  the  circuit  in  which 
the  fixed  resistance  is  located.  The  galvanometer  is  calibrated  to  read 
fall  of  potential  instead  of  current,  thus  giving  the  electromotive  force 
of  the  couple  directly.  The  permanency  of  calibration  is,  therefore,  a 
function  of  the  permanency  of  the  magnet  in  the  galvanometer,  while 
the  precision  of  reading  is  a  function  of  the  accuracy  wdth  which  the 
initial  balance  was  attained.  The  accuracy  of  the  initial  balance  was 
greatly  increased  in  the  present  case  by  the  addition  of  a  sensitive 
auxiliary  galvanometer  placed  in  the  thermocouple  circuit. 

Two  factors  influenced  the  choice  of  metals  from  which  the  couples 
were  made.  The  first  of  these,  i.  e.,  the  homogeneity  of  the  metal, 
affects  the  permanency  of  calibration.  Non-homogeneous  metals  are 
liable  to  change  after  a  period  of  service,  producing  a  more  or  less 
permanent  change  in  reading,  and  are  also  liable  to  the  production  of 
parasitic  currents  causing  temporary  inconsistencies  in  readings.  The 
second  of  these  factors,  i.  e.,  the  magnitude  of  the  induced  electromotive 
force  per  degree  difference  in  temperature  between  the  hot  and  cold 
junction,  affects  the  precision  of  reading.  The  metals  chosen  as  having 
the  most  fortunate  combination  of  the  two  characteristics  mentioned 
were  copper  and  a  copper-nickel  alloy  known  under  the  trade  name  of 
constantan.  This  combination  gives  a  precision  of  about  42  deg.  F. 
per  millivolt.  The  pyrovolter  in  use  was  especially  constructed  to 
give  a  direct  reading  of  0.01  milUvolt.  Accordingly,  the  precision 
attainable  is  0 .  42  deg.  F.  It  has  been  found  possible  to  repeat  readings 
to  within  0.01  miUivolt,  or  0.42  deg.  F.,  with  the  present  arrangement 
when  the  hot  junction  was  placed  in  a  constant  temperature  bath  at 
68  deg.  F.  This  was  done  wdth  a  series  of  six  readings  covering  a  period 
of  one-half  hour.  It  has  also  been  found  that  calibrations  can  be 
repeated  to  within  less  than  two  degrees,  with  couples  subjected  to 
the  present  service.  A  recalibration  of  similar  couples  after  several 
months  continuous  service  in  a  boiler  flue  at  about  600  deg.  F.  also  proved 
that  the  reading  had  not  changed  more  than  about  two  degrees.  It  is, 
therefore,  considered  that  the  readings  of  the  couples  are  reliable,  and 
are  accurate  within  one  or  two  degrees. 
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The  junctions  of  the  couples  were  all  formed  by  fusing  the  two 
wires  together  in  an  air-gas  flame.  It  was  found  possible  to  form  a 
strong  joint  in  this  manner.  Some  question  was  raised  concerning 
this  joint  on  the  basis  that  it  was  an  oxide  joint  and  not  a  metal  to  metal 
joint.  An  examination  of  the  joint  did  not  seem  to  bear  out  this  con- 
tention. A  series  of  experiments  proved  that  no  difference  could  be 
detected  between  couples  having  this  type  of  junction  and  the  same 
couples  using  a  silver  soldered  joint.  The  fused  junctions  have,  there- 
fore, not  been  changed.  The  fact  that  the  wires  may  be  of  small  size. 
No.  22  B.  &  S.  Gage  in  this  case,  tends  to  minimize  the  effect  of  radia- 
tion to  or  from  the  couple,  and  further  the  fact  that  the  reading  is 
independent,  to  a  large  extent,  of  the  depth  of  immersion,  reduces  the 
liabiUty  of  error  in  the  determination  of  the  actual  temperature  of  the 
medium. 

Correction  for  Radiation  Effect. — It  is  verj^  difficult  to  get  the  true 
temperature  of  air  flowing  over  a  highly  heated  surface  and  a  special 
study  must  be  made  of  the  thermocouples  used  in  the  furnace  bonnet 
in  order  to  correct  for  the  radiation  effect  to  which  they  are  subjected. 
This  correction  has,  however,  already  been  approximately  determined 
by  the  furnace  research  staff  in  the  following  manner. 

A  typical  leader  (Leader  No.  2  in  Fig.  16)  was  lagged  between  the 
bonnet  and  the  boot  with  two  inches  of  hair  felt,  and  a  series  of  readings 
of  the  temperatures  taken  at  the  two  points.  The  hair  felt  was  then 
removed  and  a  second  series  of  temperature  readings  taken.  In  case 
the  reading  of  the  thermocouple  in  the  bonnet  had  not  been  affected 
by  radiation,  the  reading  of  this  couple  and  the  one  in  the  boot  with 
covered  leader  should  have  been  very  nearly  the  same,  since  there  was 
practically  no  heat  loss  between  the  two  points.  The  difference  shown 
in  the  test  was  28  deg.  F.  This  difference  was  attributed  to  the  radi- 
ation effect  of  the  hot  surfaces  on  the  couple  at  the  bormet.  As  the 
air  probably  lost  some  heat  between  bonnet  and  boot,  although  the 
leader  was  covered,  this  difference  should  have  been  reduced  one  or 
possibly  two  degrees  in  estimating  the  radiation  effect.  It  is  certainly 
as  great  as  28  —  2  =  26  degrees  and  probably  amounted  to  27  deg.  F. 
in  the  preceding  case.  The  uncovered  leader  showed  a  loss  of  33  deg.  F. 
by  the  subtraction  of  the  readings  of  the  couples  at  the  bonnet  and 
boot.  Deducting  the  26  deg.  F.,  attributed  to  radiation  effect  on  the 
couple  at  the  bormet  from  this  difference  in  temperature,  gives  7  deg.  F. 
as  the  approximate  loss  between  bonnet  and  boot  in  the  4  feet  of  un- 
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covered  12-inch  leader  pipe  with  an  air  velocity  of  131  feet  per  minute 
in  the  leader. 

Table  1 

Test  for  Radiation  Effect  on  Bonnet  Thermocouples 

(2-11-19) 


Leader  No.  2  Uncovered 

Leader  No.  2  Covered 

194°  F. 
161 

195.5° F. 

167.3 

33 

28.2- 

Note. — True  loss  in  uncovered  leader,  allowing  2-degree  drop  when  covered,  gives 
33—26.2=6.8  deg.  F. 


Test  for  Velocities  in  Leader  No.  2  Uncovered 
(2-10-19) 

Anemometer  reading  at  register  face  =169.5  ft.  per  min. 

True  velocity  at  face  =225.0  ft.  per  min. 

458 
True  velocity  in  leader  =225X^^=^  =  131  ft.  per  min. 

Temperature  air  leaving  register  =165°  F. 

It  is  also  planned  to  make  a  study  of  this  radiation  effect  using 
the  method  suggested  in  Bureau  of  Mines  Bulletin  145,  "Measuring 
the  Temperature  of  Gases  in  Boiler  Settings,"  Kreisinger  and  Barkley, 
and  by  use  of  the  auxiliary  single  leader  testing  plant. 
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III.     Special  Problems  Involved  in  the  Measurement  of 

Air  Velocities 

The  second  problem  is  far  more  difficult  of  solution  than  the  pre- 
ceding one  and  involves  the  measurement  of  air  flow  at  the  very  low 
velocities  or  heads  occuring  in  gravity  warm-air  furnace  systems. 

It  vnW  be  e\'ident  that  no  furnace  can  be  tested  for  efficiency, 
capacity  or  rating  unless  it  is  possible  to  determine  accurately  the 
amount  of  air  entering  the  cold  air  or  recirculating  inlet  and  also  to 
measure  ^\^th  equal  accuracy  the  distribution  of  this  air  to  each  of  the 
floors  above  the  furnace. 

In  order  to  accomplish  the  latter  object,  it  is  necessary  to  measure 
the  outflow  of  heated  air  at  each  register  face  while  the  test  is  in  prog- 
ress, and  not  interfere  in  any  way  with  the  natural  operation  of  the 
system.  The  velocities  at  all  these  points  are  small,  only  a  few  feet 
per  second  at  the  most,  and  air  measuring  instruments  which  would 
be  quite  suitable  at  higher  velocities  are  either  useless,  or  else  subject 
to  serious  errors  w^hen  used  at  these  low  rates  of  flow. 

After  a  great  deal  of  preliminary  work  in  the  "s\inter  of  1917-1918 
it  was  finally  decided  to  attempt  what  might  be  called  a  "combination 
scheme"  of  measurement.  In  this  scheme  an  instrument  which  is 
quite  suitable  for  use  at  high  velocities  is  used  to  ''check,"  and  give 
the  proper  correction  factor  for  the  reading  which  is  actually  taken 
by  a  low  velocity  instrument  best  adapted  to  the  conditions  to  be  met 
in  the  furnace  testing  plant. 

This  '^ checking"  or  cahbrating  work  has  all  been  done  in  two 
specially  designed  plants.  These  plants  are  constantly  available  for 
recalibrating  the  low  velocity  instruments  at  any  time,  under  the  identical 
conditions  as  regards  air  temperature,  rate  of  flow,  shape  of  inlet  or  outlet, 
and  kind  and  size  of  register  that  exist  in  the  main  or  auxiliary  testing 
plant. 

Calibrating  Plant  for  Ayiemonieters  Used  at  Register  Faces. — The 
calibrating  plant  for  the  hot  side  of  the  system  (Figs.  5  and  6)  consists 
of  an  electric  heater  for  warming  the  air  to  any  desired  temperature 
as  it  is  drawn  in  by  a  small  centrifugal  fan.  This  fan  discharges  the 
air  through  a  cylindrical  pipe  five  inches  in  diameter  where  the  velocity 
is  relatively  high  so  that  a  Pitot  tube  may  be  used  as  the  standard* 


*It  should  be  noted  that  this  Pitot  tube  and  air  pipe  have  themselves  been  checked  by  the  Engi. 
neering  Experiment  Station  Staff  by  still  more  elaborate  and  painstaking  methods  which  will  be  dis- 
cussed in  another  bulletin. 
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measuring  instrument.  After  the  air  passes  the  Pitot  tube,  it  enters  an 
enlarged  and  well  baffled  section  connecting  directly  to  a  standard 
elbow  which  turns  up  into  a  register  box  fitted  with,  a  side  wall  register, 
as  shown  in  Fig.  5.  This  register,  box  and  Ijoot  are,  of  course,  dupli- 
cates of  the  fittings  used  in  the  eciuipment  of  the  large  plant. 

It  will  be  apparent  that  if  the  exact  amount  of  air  passing  the 
Pitot  tube  is  known  it  is  a  simiDle  matter  to  calculate  the  true  volume 
and  velocity  of  air  leaving  the  register  face.  With  the  true  velocity 
knowm  it  is  now  possible  to  calibrate  the  low  velocity  instruments, 
which  are  anemometers  of  the  best  obtainable  type.  Suitable  cross- 
head  guides  are  attached  to  the  register  frame  and  so  arranged  (Fig.  7) 
that  the  anemometer  attached  to  the  cross-head  rod  is  forced  to  travel 
in  a  uniform  and  definite  manner  across  the  outlet  air  current  at  a 
fixed  distance  from  the  register  face.  As  exactly  similar  guides  (Fig.  8) 
and  the  same  procedure  are  used  on  all  registers  in  the  main  plant 
this  same  anemometer  is  put  through  exactly  the  same  cycle  of  opera- 
tions in  running  a  furnace  test. 

In  making  the  traverse,  an  initial  reading  of  the  anemometer  dial 
is  taken  with  the  instrument  in  position  No.  1  (Fig.  0)  and  a  stop  watch 
is  started.  The  electric  heater  maintains  the  desired  temperature 
since  it  is  most  essential  that  the  anemometer  be  calibrated  at  the 
temperature  existing  in  the  test.  At  the  end  of  five  seconds  the  instru- 
ment is  moved  to  position  No.  2  and  so  on  through  twelve  positions, 
and  the  final  reading  only  is  then  noted.  In  this  way  it  is  possible 
to  average  automaticallj^  the  velocity  of  the  outflowing  air  which,  of 
course,  does  not  flow  out  uniformly  over  the  area  of  the  face.  Most 
of  the  air,  as  is  well  known,  issues  above  the  center  of  the  register 
face,  as  shown  in  Fig.  6.  If  the  original  reading  of  the  dial  was  3,820 
and  the  final  is  3,979  the  instrument  indicates  a  velocity  of  159  ft. 
per  min.  at  the  register.  The  anemometer  will  duplicate  this  reading 
within  one  per  cent  as  often  as  it  is  desired  to  check  its  performance. 
By  calculation  from  the  reading  at  the  Pitot  tube,  the  true  velocity 
was  found  to  be  223  ft.  per  min.,  and  hence  for  this  particular  set 
of  conditions  the  anemometer  reads  too  low  by  64  ft.  per  min. 

It  is,  of  course,  evident  that  it  would  simplify  matters  greatly  if 
a  series  of  calibrating  tests  was  run  in  advance  for  each  anemometer. 
A  series  of  curves  could  then  be  drawn  (Fig.  6)  from  which  true  velocities 
at  any  register  temperature  could  be  found  as  soon  as  the  velocity 
indicated  by  the  anemometer  on  any  test  was  known.  This  calibration 
has  been  done,  entailing  months  of  painstaking  and  exacting  measure- 
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Fig.  7.     Typical  Arrangement  at  Register  Face  in  Calibrating  Plant 
FOR  Making  Anemometer  Traverse 


Fig.  8.     Method  of  Making  Anemometer  Traverse  at  Register  Faces 

ON  ]Maix  Plant 
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Fig.  9.     The  Wahlen  Gage,  Sensitive  and  Accurate  to  0.0001  inch 
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ments.  The  same  sort  of  calibration  data  had  to  be  secured  for  the 
cool  air  inlet  anemometers,  as  well  as  for  those  used  on  the  warm  air 
outlets.  It  is  most  important  to  have  the  calibrating  plant  constantly 
available  for  checking  the  performance  of  any  anemometer  during 
any  test. 

The  Wahlen  Gage. —  It  was  this  cahbraring  work*  that  probably 
developed  the  greatest  difficulties  which  have  been  encountered.  Every 
possible  refinement  of  measurement  was  resorted  to  without  complete 
success  until  F.  G.  Wahlen  (detailed  to  this  work  from  the  Experiment 
Station  Staff)  finally  developed  a  remarkable  gage  (Fig.  9)  so  sensitive 
and  accurate  that  it  would  measure  a  pressure  head  of  less  than  towo 
of  an  inch  of  water,  and  respond  instantly  to  the  slightest  fluctuation 
in  pressure.  This  equipment  is  a  distinct  addition  to  such  precision 
instruments  as  are  available  for  measuring  low-pressure  heads. 

This  gagef  made  it  possible  to  duplicate  readily  readings  with  the 
Pitot  tube  used  for  checking  the  anemometer  to  within  one  per  cent. 

The  essential  features  of  the  gage  are  clearly  shown  in  the  illus- 
tration, from  which  it  will  be  seen  that  a  rigid  base  set  on  leveling 
screws  is  used  to  support  two  large  glass  bulbs  which  are  in  communi- 
cation with  each  other  through  an  inverted  U  tube  of  peculiar  shape. 
The  left  hand  bulb  is  rigidly  attached  to  the  base  frame,  but  the  right 
hand  bulb  moves  vertically  up  or  down  with  the  carriage  to  which 
it  is  attached.  The  motion  of  this  carriage  is  controlled  by  frictionless 
rollers  which  eliminate  all  back  lash  or  side  sway.  This  movement 
is  under  the  positive  control  of  a  micrometer  screw,  reading  to  0.001 
inch  direct,  and  takes  place  with  a  slight  swivelling  action  of  the  joints 
in  the  right  hand  connector.  Pressures  are  communicated  to  the  two 
bulbs  through  the  flexible  connectors  on  the  top  of  each. 

Alcohol  (0.8195)  about  half  fills  the  bulbs  and  the  U  tube,  and  a 
little  aniline  dye  gives  a  distinctive  red  color.  The  upper  part  of  the 
U  tube  is  completely  filled  with  a  clear  turpentine  and  ligroin  mix- 
ture (0.8100)  so  made  up  that  its  specific  gravity  is  0 . 0095  less  than 
the  density  of  the  colored  alcohol. 

In  operation  (Figs.  6,  10  and  19),  the  gage  is  first  balanced  at  zero 
with  both  pressure  connections  open.  This  is  easily  done  by  bringing 
the  meniscus  in  the  constricted  side  of  the  U  tube  to  a  reference  line 
engraved  near  tlie  center  of  the  tube  and  then  reading  the  micrometer. 

♦Prof.  S.  L.  Simmering  devoted  practically  all  his  time  to  this  problem  mitil  April  1,  1919,  when 
he  resigned  to  accept  a  position  at  the  University  of  Colorado. 

_    tSee  a  more  detailed  description  of  this  instrument  in  a  separate  paper  entitled   the    "Illinois 
Mieromanometer "  by  F.  G.  Wahlen. 
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This  zero  setting  can  be  accomplished  (Avithout  using  a  microscope) 
to  within  0.0001  of  an  inch  of  alcohol,  equivalent  to  about  0.00008 
of  an  inch  of  water.  Pressure  connections  are  then  made  and  the 
movable  carriage  and  its  liquid  bulb  so  manipulated  that  the  meniscus 
is  brought  back  to  the  reference  line  on  the  U  tube  and  the  micrometer 
read  again.  In  fact,  by  proper  use  of  the  stop  cock  in  the  connecting 
arm  of  the  gage  this  meniscus  is  never  allowed  to  move  out  of  the 
constricted  tube  at  all.  The  difference  between  the  two  micrometer 
readings  when  multiplied  by  the  density  of  the  alcohol  gives  the  pressure 
head  in  inches  of  water.  A  final  zero  reading  is  always  taken  and  must 
check  to  0.0002  of  an  inch  with  the  original  zero.  As  the  density  of 
the  alcohol  varies  with  its  temperature  a  density-temperature  cali- 
bration curve  is  used,  and  the  gage  is  enclosed  in  a  glass  case  as  sho^vn 
in  Figs.  10  and  19  where  it  is  seen  in  use. 

It  will  be  e^'ident  from  the  preceding  statement  that  as  there  has 
been  no  movement  of  the  measuring  liquid  no  corrections  are  necessary 
for  capillarity,  viscosity,  variations  in  bore  of  tubes,  or  conditions 
of  glass  surface.  The  sensitiveness  of  the  gage  depends  (1)  upon  the 
relation  between  the  areas  of  the  constricted  tube  and  the  large  cross 
section  of  the  bulbs,  (2)  upon  the  viscosity  characteristics  of  the  two 
liquids  and  the  small  density  differential,  and  (3)  upon  the  fact  that 
the  constricted  part  of  the  U  tube  is  very  short.  All  other  comiections 
are  large  and  free.  A  standard  machinist's  precision  micrometer  forms 
the  measuring  element  of  the  gage  which  is  accurate  within  the  range 
of  measurement. 

Calibrating  Plant  for  Anemometers  Used  at  Inlet. — The  calibrating 
plant  (Fig.  10)  for  the  cold  side  of  the  system  con.sists  of  a  cool  air 
inlet  opening  of  exactly  the  same  size  and  arrangement  (Fig.  11)  as 
that  used  on  the  furnace  plant  itself  (Fig.  12) .  This  opening  is  equipped 
wath  crosshead  guides  and  traverse  rod  for  carrying  the  anemometer 
across  the  face.  This  large  duct  then  tapers  (Fig.  1,  see  lower  left-hand 
corner)  to  connect  with  a  steel  pipe  10  inches  in  diameter  in  which  a 
Pitot  tube  is  placed  for  checking  the  actual  weight  of  air  flowing.  A 
large  fan  at  the  outlet  end  is  arranged  with  variable  speed  control  to 
handle  such  volumes  of  air  as  correspond  to  the  amounts  entering  the 
furnace  plant  under  the  various  test  conditions.  In  this  inlet  cali- 
brating plant  the  indicated  and  true  velocities  of  the  inlet  air  are  oijtained 
in  a  manner  similar  to  that  already  described,  and  suitable  calibration 
curves  have  been  drawn.  The  Wahlen  gage  has  proved  as  essential 
here  for  accuracy  and  refinement  of  readings  with  the  Pitot  tube  as  in 


Fig.  U.     Method  of  Making  Traverse  at  the  Inlet  Opening  of  the 
Calibrating  Plant  for  Measuring  Recirculated  Air 


Fig.  12.     Measuring  the  Air  Entering  the  Furnace  at  the  Inlet 

Opening  which  is  an  Exact  Duplicate  of  the  Opening  on  the 

Calibrating  Plant  in  the  Right  Foreground 
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Fig.  14. 
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Ve/oc/fy  -  ft  per  sec. 

Velocity  Curves  from  a  Leader  and  also  from  a  Stack,  Show- 
ixG  Cuaracter  of  Aiu  Flow  Through  Same 
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the  previous  calibrating  work.  In  carrying  out  this  calibrating  work, 
it  has  been  found  necessary  always  to  make  a  traverse  of  both  the  5-inch 
and  the  10-inch  pipes  in  order  to  get  the  average  velocity  of  air  flow 
through  the  pipe  at  the  section  where  the  velocity  pressures  are  measured 
by  the  Pitot  tube.  This  variation  in  velocity  across  the  diameter  is 
large  even  for  a  fixed  quantity  of  air  passing  through  the  pipe.  The 
relation  between  the  average  velocity  reading  and  the  center  velocity 

reading,    ,^    =K,  changes,  moreover,  with  a  change  in  the  quantity 

of  air  passing  through  the  pipe  as  shown  in  the  curves  of  Fig.  13  taken 
from  the  10-inch  pipe.  Curves  taken  from  a  traverse  of  a  leader 
(Fig.  14)  on  the  auxiliary  furnace  plant  show  this  same  variation  in 
velocity  while  those  taken  from  a  traverse  near  the  head  of  a  round 
stack  (Fig.  14)  also  on  the  auxiliary  plant  show  an  even  greater  varia- 
tion. The  center  reading  is  proportionately  much  higher,  in  the  latter 
case,  than  the  average  velocity  reachng.  The  curves  in  Fig.  14  are 
merely  submitted  as  illustrative  of  the  sensitiveness  of  the  Wahlen 
gage  at  low  velocities  and  show  its  usefulness  in  studying  air  flow  in 
leaders  and  stacks  and  even  through  the  furnace  casing  itself.  At  some 
later  period  in  the  investigation  such  a  study  should  be  made,  but  it 
is  the  present  purpose  to  test  first  the  furnace  and  the  plant  as  a  whole. 
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Fig.  15.     Sectional  Elevation  of  Furnace  Testing  Plant 
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IV.     The   Main   Plant 

The  general  view  (Fig.  1)  of  the  present  (April-May,  1919)  main 
plant*  shows  a  three-story  steel  structure  erected  in  the  Mechanical 
Engineering  Laboratory.  This  structure  merely  serves  as  the  working 
skeleton  of  a  house  and  carries  the  stacks  and  registers  which  run  to  the 
various  floors.  All  important  dimensions  are  given  in  the  sectional 
elevation  and  plan  (Figs.  15  and  16),  which  show  the  equipment  in  use 
on  May  1,  1919.  A  ten-leader  plant  is  being  used  at  present  and  all 
stacks  have  been  cased  in  to  simulate  furred  wall  conditions.  One  of 
the  four  stacks  to  the  second  floor  and  one  of  the  two  stacks  running 
to  the  third  floor  are  single,  but  all  other  stacks  are  double  wall  with 
%6-inch  air  space.  The  single  stacks  were  made  3-inch  deep  instead 
of  33^-inch  in  Order  to  make  them  comparable  with  double  wall  stacks- 

The  side  view  of  the  furnace  and  leader  system  (Fig.  2)  shows  the 
recirculating  duct  and  the  crosshead  guide  at  the  inlet  to  the  duct. 
In  the  right  foreground  is  a  Uehling  CO2  outfit  for  taking  a  continuous 
CO2  record  on  all  tests.  A  sample  record  is  given  in  Fig.  17  and  the 
performance  of  this  instrument  is  checked  periodically  by  a  portable 
Orsat  apparatus.  This  view  also  shows  an  observer  reading  tempera- 
tures at  the  thermocouple  switchboard. 

Results  Obtained  from  Main  Plant. — It  has  already  been  stated 
that  as  this  is  a  report  of  progress,  more  or  less  summarized  statements 
will  be  made  including  such  typical  test  data  as  will  best  illustrate 
the  scope  and  character  of  the  work  thus  far  accomphshed.  The  first 
and  second  objects  of  the  investigation  have  already  been  given  as 
(1)  the  determination  of  efficiency  and  capacity  of  warm  air  furnaces 
under  conditions  similar  to  those  in  an  actual  installation,  and  (2)  the 
fixing  of  proper  methods  of  rating  furnaces.  These  two  objects  are  so 
dependent  on  each  other  that  it  is  almost  impossible  to  deal  with  them 
separately.  Fairly  definite  conclusions  must  be  reached  concerning 
the  basis  for  ratings  before  tests  for  efficiency  and  capacity  can  be 
conducted. 

The  following  summary  of  test  data  (Table  2)  from  a  series  of  seven 
runs  on  the  main  plant  between  March  14  and  April  23,  1919,  will 

*The  original  main  plant  was  found  to  have  entirely  too  great  a  leader  and  stack  area  for  the  free 
area  of  the  furnace  and  the  second  and  third  floor  runs  were  reduced  in  size  to  the  dimensions  shown 
in  Fig.  16. 
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Fig.  16.     Floor  Plan  and   Dimension  Table   for  Furnace  Testing  Plant 
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Fig.  17.     Sample  CO2  Record  Taken  by  the  Uehling  CO2  Recorder 
FROM  Test  of  April  23,  1919 
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illustrate  this  interdependency  previously  noted  and  mil  show  how  the 
conditions  of  rating  affect  capacityjand  likewise  efl&ciency. 


Table  2 

Summary  of  Seven  Tests  on  the  Main  Plant  Showing  Effect  of  Register 
Temperatures  on  Capacity  of  Furnace  and  Leaders 
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leaders,  sfac/fs  and  registers,  and  plant  Jayouf  see  F/g.t6  and  Table  t/-)erewit/i. 
f  Register  temperatures  based  on  air  entering  furnace  at  65° F 
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The  tests  will  be  referred  to  b}^  number,  and  were  run  to  determine 
to  what  extent  variations  in  the  outlet  air  temperatures  at  the  registers 
affect  the  rating  of  a  furnace  when  installed  in  a  complete  plant.  The 
average  outlet  temperatures  were  141.2,  149.8,  165.9,  175.8,  177.9, 
and  191.9  deg.  F.  based  on  air  entering  furnace  at  65  deg.  F.  It  is 
entirely  possible  to  maintain  register  temperatures  constant  Avithin  a 
5-degree  range  on  any  test.  Tests  No.  1  and  Xo.  2  were  run  under  the 
same  conditions  as  checks  on  each  other,  and  have  both  been  submitted 
to  show  how  nearly  it  is  possible  to  duplicate  runs  on  the  plant  at 
ilifferent  dates.  The  data  from  No.  2  will  be  used  in  the  comparisons 
considered  in  the  following  discussion.  All  tests  were  run  with,  the  plant 
as  shown  in  Figs.  15  and  16. 

Effect  of  Register  Temperature  on  Leader  Pipe  Capacity. — The  first 
thing  discovered  from  a  survey  of  these  data  was  that  a  square  inch  of 
leader  pipe  area  in  a  first  floor  leader  has  far  less  heating  and  air-carrying 
value  than  in  a  second  or  third  floor  leader  as  installed.  In  test  No.  2 
(Aver.  reg.  temp.  141.2  deg.  F.),  for  example,  a  square  inch  of  leader 
to  first  floor  carries  50  B.  t.  u.  per  hour  available  for  heating  above 
70  deg.  F.,  and  for  a  third  floor  leader  this  value  rises  to  122  B.  t.  u.  per 
hour  making  an  increase  of  144  per  cent.  For  the  second  floor  the 
B.  t.  u.  per  sq.  in.  is  89,  or  an  increase  of  70  per  cent. 

A  comparison  of  leader  velocities  for  this  same  test  shows  118  ft. 
per  minute  for  the  first  floor,  and  268  ft.  per  minute  for  the  third  floor, 
which  is  an  increase  of  127  per  cent.  For  the  second  floor  the  increase 
in  velocity  is  85  per  cent. 

A  still  more  significant  discovery  was  made  by  comparing  tests 
No.  2  (Aver.  reg.  temp.  141.2  deg.  F.)  and  No.  6  (Aver.  reg.  temp. 
191.9  deg.  F.)  from  which  it  was  found  that  a  square  inch  of  first  flooi 
leader  has  increased  its  capacity  in  available  heating  value  above 
70  deg.  F.  from  50  B.  t.  u.  to  134  B.  t.  u.  per  hour,  a  gain  of  170  per  cent. 
For  a  second  floor  leader  this  value  increased  from  89  to  168  B.  t.  u.  per 
hour  or  a  gain  of  89  per  cent,  and  for  a  third  floor  leader  this  value  jumps 
from  122  B.  t.  u.  to  243  B.  t.  u.  or  a  gain  of  99  per  cent.  It  should  be  noted 
that  these  gains  are  very  large,  much  larger  than  the  increase  in  veloc- 
ities through  these  leaders. 

If  a  comparison  of  velocities  in  the  leaders  for  these  same  two  tests 
is  made,  it  is  found  that  the  first  floor  leader  velocities  have  increased 
from  118  to  183  ft.  per  min.,  a  gain  of  55  per  cent.  In  the  case  of  second 
floor  leaders,  the  velocities  have  increased  from  219  to  268  ft.  per  min.. 


REPORT   OF    PROGRESS   IN   WARM-AIR    FURNACE    RESEARCH 


39 


a  gain  of  22  per  cent,  and  for  the  third  floor  leaders  the  velocities  show 
an  increase  of  from  268  to  331  ft.  per  min.,  a  gain  of  24  per  cent. 

Further  comparisons  of  this  kind  at  other  register  temperatures 
may  be  readily  made  by  reference  to  the  data  in  the  table. 

It  should  also  be  noted  that  the  distribution  of  the  air  by  weight 
to  the  various  floors  has  changed  with  the  increasing  register  tempera- 
tures. In  Test  No.  2  the  relation  was:  First  floor  =  39. 3  per  cent, 
second  =  36. 2  per  cent  and  third  =  24. 4  per  cent  while  in  test  No.  6 
it  changed  to:  First  floor  =  44. 6  per  cent,  second  =  32. 4  per  cent  and 
third  =  21. 9  per  cent.  In  test  No.  7  (Aver.  reg.  temp.  177.9  deg.  F.) 
an  attempt  was  made  to  increase  the  velocity  and  heating  value  per 
square  inch  of  leader  pipe  supplying  the  first  floor  by  dampering  the 
second  and  third  floor  leaders.  This  resulted  in  a  distribution  of 
47.6  per  cent  of  the  air  to  first  floor,  32.4  per  cent  to  second,  and  20 
per  cent  to  third.  By  reference  to  test  No.  5  (Aver.  reg.  temp.  175 . 8 
deg.  F.)  which  is  most  nearly  comparable,  it  will  be  seen  that  the  gain 
in  velocity  (Table  3)  and  in  B.  t.  u.  per  square  inch  of  leader  pipe  to 
first  floor  was  small  and  much  more  than  offset  by  the  reduction  in 
these  quantities  for  the  second  and  third  floors. 


Table  3 

Effect  of  Dampering  Second  and  Third  Floor  Leaders  to  Increase 

Capacity  of  First  Floor  Leaders 


Vel.  ft.  per  min. 

B.  t.  u.  per  sq.  in. 

Aver. 

Reg. 

Temp. 

Test  No. 

1st 

2iid 

3rd 

1st 

2nd 

3rd 

5 
7 

159.0 
165.5 

252 
224 

315 
246 

103 
111 

153 
137 

204 
160 

175.8 
177.9 

6.5 

28 

31 

8 

16 

44 

Reduction 

It  is,  therefore,  quite  evident  that  the  practice  of  dampering  leaders 
to  upper  floors  as  a  result  of  poor  design  immediately  cuts  down  the 
total  capacity  of  a  plant.  The  slight  gain  in  heating  effect  on  the  first 
floor  is  accomplished  at  a  serious  sacrifice  both  in  plant  capacity  and 
efiiciency.  This  problem  is  worthy  of  further  investigation  at  the 
first  opportunity. 

The  great  significance  of  the  data  developed  by  these  seven  tests 
can  hardly  be  overestimated  and  is  the  first  important  result  of  this 
investigation.  It  affects  not  only  the  basis  for  rating  furnaces  and 
designing  furnace  heating  systems,  but  establishes  very  definite  limits 
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for  rating  and  capacity  tests.  It  is  a  very  simple  matter  to  show  that 
a  furnace  heating  plant  in  a  two  or  three  story  house  in  order  to  be 
entirely  successful  in  the  coldest  weather  must  have  a  very  large  pro- 
portion of  its  leader  capacity  devoted  to  supplying  the  first  floor  if 
the  register  temperatures  are  to  be  kept  as  low  as  150  deg.  F.  In  fact, 
attempts  to  apph'  these  data  to  an  actual  design  worked  out  by  W.  E. 
Pratt  vnih  the  given  temperature  limitation  show  that  prohibitive 
leader  sizes  will  result.  A  more  satisfactory  basis  for  design  and  also 
for  ratmg  requires  a  register  temperature  between  175  and  185  deg.  F., 
which  has  been  used  by  Mr.  Pratt  in  appljdng  these  data  to  a  typical 
house  heating  design  problem  to  be  presented  at  the  June  meeting  of 
the  Association.  A  summarized  statement  concerning  the  effect  of 
these  temperatures  on  a  furnace  heating  design  problem  \nl\  be  found 
in  Section  ^^11  of  this  Bulletin. 

It,  therefore,  appears  desirable  and  necessary  to  recommend  on 
the  basis  of  the  data  thus  far  obtained  that  in  rating  furnaces  in  square 
inches  of  leader  pipe  area  the  leaders  to  first  fioors  should  be  limited 

Table  4 
Chemical  Analysis  of  the  Anthracite  Coal  Used  ix  These  Tests 


ENGINEERING  EXPERIMENT  STATION 

UNI^'ERSITY    OF    ILLINOIS 

Report  of  Chemical  Analysis  by  Prof.  S.  W.  Parr  and  J.  M.  Lindgren 

April  30,  1919 

Chemical  Laboratory  Xo.  10675 
Special  Marks  Scranlon  Anthracite^  Warm-Air  Furnace  Trial 


Proximate  Analysis  of  Coal 


Per  cent 
for  Coal 
as  Fired 


Fixed  carbon  . 
Volatile  matter 
Moisture 
Ash       .      .      . 


78.98 
6.19 
1.44 

13.39 


Ultimate  Analysis  of  Coal 


Per  cent 
for  Coal 
as  Fired 


Carbon  (C)      .      . 
Hydrogen  (H) 
Oxygen  (O)     . 
Nitrogen  (N) 
Sulphur  (S)     .      . 
Ash       ...      . 
Moisture  at  105'  C. 


79.52 
2.43 
1.68 
0.75 
0.81 

13.39 
1.44 


Calorific  Value — B.  t.  u. 

By  Oxygen  Calorimeter  per  pound  of  Air  Dry  Coal 127.91 

lAfter  rejecting  one  shipment  of  hard  coal  it  was  finally  decided  to  store  30  tons  of  the  above 
coal  as  a  uniform  test  fuel  for  running  all  tests. 
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to  100-115  B.  t.  u.  per  square  inch,  to  second  floors  to  160-180  B.  t.  u. 
per  square  inch,  and  to  third  floors  to  195-215  B.  t.  u.  per  square  inch, 
when  the  average  register  temperature  is  approximately  from  175  to 
185  deg.  F.  It  will  also  be  apparent  that  for  most  of  the  heating  season 
a  lower  register  temperature,  probably  in  the  neighborhood  of  150 
deg.  F.,  will  be  quite  satisfactory,  and  there  may  be  occasional  daj^s 
when  the  air  at  the  registers  must  be  even  above  175  deg.  F.  for  short 
periods  as  it  would  be  poor  economy  to  design  for  the  coldest  day  that 
was  ever  recorded  in  a  certain  locality. 

Efficiency  and  Capacity  Tests. — The  question  of  testing  furnaces 
for  efficiency  and  capacity  may  now  be  considered  with  some  degree 
of  defimiteness,  and  it  is  evident  that  register  temperatures  must  be 
made  the  controlhng  factor  if  the  data  are  to  prove  applicable  in  practice. 
These  tests  should,  of  course,  cover  a  reasonable  range  of  register 
temperatures,  as  from  120  to  190  deg.  F.,  in  order  to  show  at  what 
register  temperature  a  given  furnace  is  most  efficient.  It  should  be 
noted  here  that  this  probably  will  not  be  the  temperature  at  which 
the  furnace  is  rated  for  capacity,  and  it  is  not  necessary  that  it  should  be. 

In  addition  to  the  preceding  limitation,  it  was  decided  to  observe 
the  following  conditions  and  procedure  in  this  first  series  of  tests: 

(1)  The  fuel  is  to  be  stove  size  anthracite  with  an  ash  con- 
tent of  less  than  14  per  cent  for  dry  coal. 

(2)  The  chinmey  draft  must  not  exceed  0.2  inches  of  water 
at  any  time  during  a  test. 

(3)  The  furnace  is  always  to  be  started  with  weight  of  wood 
equivalent  to  10  per  cent  of  its  coal  capacity  and  warmed  up  for 
fifteen  minutes. 

(4)  The  test  is  to  start  at  the  expiration  of  the  fifteen  minute 
preliminary  period,  with  one-third  of  the  total  fuel  charge  (based 
on  firepot  capacity). 

(5)  The  second  firing  of  the  second  one-third  of  the  fuel 
charge  is  to  be  made  at  the  end  of  fifteen  minutes  from  start  of  test. 

(6)  The  third  firing  of  the  final  one-third  of  the  fuel  charge 
is  to  be  made  at  the  end  of  thirty  minutes  from  start  of  test.  After 
this  firing  the  fire  must  not  be  touched. 

(7)  At  the  end  of  the  test,  which  must  not  consume  more 
than  80  per  cent  of  the  total  fuel  charge,  the  fire  is  to  be  quenched 
with  water  and  drawn,  and  the  ashpit  cleaned. 
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(8)  The  residue  is  to  be  weighed  and  its  moisture  content 
and  heat  value  determined. 

(9)  The  composition  of  the  coal  used  is  as  shown  in  Table  4. 
The  results  of  five  complete  tests,  on  the  main  plant  showing 

variations  in  efficiency  with  register  temperatures,  are  given  herewith 
(Table  5),  and  a  summary  sheet  of  the  first  test  of  April  23,  1919,  is 
reproduced  (Table  6)  as  well  as  a  graphical  CO2  record  (Fig.  17)  from 
the  Uehling  CO2  apparatus.  A  consideration  of  the  results  from  the 
first  three  tests  shows  that  the  so-called  radiation  loss  from  the  double 
casing  and  the  bonnet  of  the  furnace  was  high.  If  the  first  test  No.  A-1 
is  taken,  it  appears  that  in  a  12-hour  run  with  an  average  equivalent 
register  temperature  of  149 . 8  deg.  above  a  65  deg.  F.  inlet  temperature 
the  heat  put  into  the  air  passing  through  the  furnace  before  it  left 
the  bonnet  amounted  to  54  per  cent  of  the  total  heat  in  the  coal  burned. 

Table  5 
Summary  of  Five  Complete  Plant  Tests  for  Efficiency  and  Capacity  of 

Furnace 


ITEM 


Uncovered  Casing 

Lagged 

all  over 
Q-4 

A-1 

A-2 

A-3 

4-23-19 

4-30-19 

5-1-19 

5-3-19 

12.0 

12.0 

9.5 

12.0 

169.4 

182.5 

197,7 

188.3 

149.8 

167.5 

186.1 

168.8 

256.0 

255.0 

255.0 

255.0 

141.5 

107.3 

108.5 

112.5 

110.0 

86.2 

86.6 

90.0 

146.0 

168.8 

168.4 

165.0 

4.23 

4.89 

6.16 

4.77 

0.054 

0.054 

0.079 

0.053 

12791 

12791 

12791 

12791 

10023 

10260 

10200 

10216 

155,500 

179,800 

226,500 

175,900 

84.6 

80.0 

76.6 

84.5 

181.5 

194.8 

210.7 

200.2 

97.0 

114.8 

134.1 

115.7 

172.0 

179.8 

199.1 

180.7 

50,460 

53,880 

57.120 

50,760 

60.15 

65.00 

68.30 

60.30 

59.76 

67.15 

71.16 

64.31 

84,200 

107,500 

132,000 

100.500 

458 

554 

676 

572 

54.20 

59.70 

58.20 

57.20 

8.82 

10.62 

12.98 

10.85 

4.30 

3.89 

4.16 

4.00 

32.68 

25.79 

25.66 

27.95 

131 

148 

167 

145 

226 

252 

271 

257 

274 

307 

332 

275t 

67 

91 

120 

89 

104 

140 

172 

143 

142 

191 

234 

165t 

29.28 

29.43 

28.98 

29.18 

Lagged 
above 

Middle 
Ring 
A-5 


Date  of  test 

Duration  in  hours 

Ave.  Temp,  at  Register  Faces,  deg.  F.  (actual) 

Ave.    Temp,    at    Register    Faces,    deg.    F.    (above 

65  deg.  F.) 

Total  weight  of  coal  fired,  lb 

Total  weight  of  refuse  out,  lb 

Total  equivalent  coal  in  refuse,  lb 

Total  weight  of  coal  burned,  lb 

Rate  of  combustion,  lbs.  per  sq.  ft 

Average  chimney  draft,  inches  water 

B.t.u.  per  lb.  coal  as  received 

B.t.u.  per  lb.  refuse  at  end  of  test 

Heat  developed  by  coal  burned  per  hr.,  B.t.u 

Ave.  temp,  of  air  at  inlet,  deg.  F 

Ave.  bonnet  temp.,  deg.  F.  (actual) 

Ave.  temp,  rise,  inlet  to  bonnet,  deg.  F 

Ave.  bonnet  temp.,  deg.  F.  (above  65  deg.  F.) 

Cu.  ft.  air  entering  inlet  per  hr 

Wt   of  air  entering  inlet  per  min.,  lb 

Wt.  of  air  leaving  registers  per  min.,  lb 

Heat  put  into  air  per  hr.  at  bonnet,  B.t.u 

Ave.  temp,  of  flue  gases,  deg.  F 

Overall  efficiency*  of  furnace,  per  cent 

Heat  loss  in  dry  flue  gas,  per  cent 

Heat  loss  in  water  vapor,  per  cent 

Heat  loss  by  radiation,  and  unaccounted  for,  per  cent 

Vel.  in  leaders,  ft.  per  min.  1st  floor  (average) 

Vel.  in  leaders,  ft.  per  min.,  2d  floor  (average) 

Vel.  in  leaders,  ft.  per  min.,  3d  floor  (average) 

B.t.u.  available  per  sq.  in.  leader,  1st  floor  (average) 
B.t.u.  available  per  sq.  in.  leader,  2d  floor  (average) 
B.t.u.  available  per  sq.  in.  leader,  3d  floor  (average) 
Barometer,  inches  mercury 


5-9-19 
12.0 
175.4 

167.0 
255.0 
114.5 

91.1 
163.9 
4.74 
0.058 
12791 
10180 
174,700 
73.4 
188.0 
114.6 
179.6 
52,740 
64.20 
68.11 
106,000 

575 
60.66 
11.46 

4.06 
23.82 

144 

261 

310 

89 

146 

192 
29.37 


*These  efficiencies  are  based  upon  weight  of  air  as  measured  at  inlet,  and  bonnet  temperature 
corrected  for  radiation  by  the  method  already  indicated.     See  Table  2. 
t3d  floor  leaders  dampered. 
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Table  6 

Summary  of  the  Complete  Plant  Test  of  April  23,   1919,  for  Efficiency 

AND  Capacity,  No.  A-1 


WARM   AIR   FURNACE    RESEARCH 

ENGINEERING  EXPERIMENT  STATION 

UN1\'ERSITY  OF  ILLINOIS 


4-23-/S 


Furnace  Staff 


Subject 

Efficiency  and 

Capacity  Jest-  /so°  Equivalent  Reg.  Temp. 

Air  Sheef-                           Ban  29. 28  tig. 

No. 

Leader 
Size 

1 

RegisteA/iv.Ane- 

Numbet'/nometei 

Wg/mir, 

Av.Temf, 
Deg.F 
atffeg. 

True    Tree      Cu,  Tt. 
Velocity  Area  of  of  Air 
Tt./mirt^  ffeg.  sqApermin. 

Dens'ity 

Lb.  Air 
per_ 
min. 

Distnb. 
to  £ach 
Tloor  do 
^t.,,fo 

Stack  \Leader 
Velocity  /elocily 
ft./min.  ft./rnin. 

1 

tain 

69 

t76.0 

/59    ■■  0.664-  \  106.6  \0.06t0\  6.64 



140 

2 

IE- 

67 

t65.0 

135 
757 

II 
II 

9E.4  \0.06S2i 
tOZ3  Y0.O6O7 

5.74 

116 

3 

12" 

7% 

67 

t60.S 

6.51 

6.1E 

E5.0Elb. 

138 

4 

IE" 

9  -55 

76 

t70.0 

145 

II 

99.Z 

0.06I7 

41.9  7o 

tze 

S 

1. 

s 

9''s/r7g. 

E    ^ 

t40 

tei.o 

I9S 

0.456 

eS/f-    0.06E6\    5.59 

314 

207 

7 

d"db/. 

^^ 

t33 

i63.e 

tee 

I7E 

II 
II 

66.1    \0.06Z4 

537 

354 
3Z4 

253 

8 

e"s/rfg. 

6   ^ 

tte 

t6l.8 

78j8 

0.O6Z6 

4.94 

zt.eotb. 

E3Z 

6 

9"dh/. 

to  H 

t4S 

t65£ 

EOO 

" 

91.6 

0.06ZE 

5.70 

36.z7o 

3Zt 

ztz 

10 

N- 

1 

11 

9"sing. 
9"d6/. 

-^ 

t90 

t67.6 

246 

II 

tiz.e 

0.0679 

S.49 

13. 14  lb 

447 

E53 

12 

Et7 

teo/f- 

Z7S 

II 

tE6.f 

O.O6O7 

7-65- 

21.9% 

5ZI 

E9S 

13 

Total 

59.76 

14 

/n/ef 

t40.S 

64.6 

tSE 

S.S3S 

641 

00715 

60.tS 

15 

16 

^f9- 

Av.Temf. 

Av.Temp 
Prop 

t 

B.t.u.pef 

^.t.u.pei 

Kind 

ffatio 

17 

No. 

Deg.f: 

(nin.- 

m/njlmt 

Y. 

Of 

StacktO 

18 

atsoon 

inStactt 

^ased^dn 

orjapp.ffc 

7- 

Stack 

Leader 

1? 

l?egJmf. 

net  temp 

Area 

20 

'    \- 

149 

tS8 

21 

3^ 

ttt 

tzo 

22 

7  K 

ISO 

159 

23 

9k 

IZS.S 

134 

24 

25 

^1 

t6d.3 

7.3 

103 

tEO 

Sing/e 

0.66 

■u> 

4^ 

tes.o 

t.E 

toz 

tt3 

Double 

0.7E 

27 

^■^ 

/7t.O 

9.Z 

9E 

t09 

Single 

0.7Z 

2S 

A?nj 

t7t.S 

5.7 

ttt 

f30 

Double 

0.66 

29 

30 

^li 
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The  heat  carried  away  in  the  dry  flue  gases  was  8 .  82  per  cent  and  that 
lost  in  water  vapor  in  the  flue  gases  was  2.56  per  cent,  so  that  only 
65.38  per  cent  is  accounted  for.  This  means  that  over  34  per  cent 
of  the  heat  value  of  the  coal  burned  was  lost  from  the  furnace  casing 
and  bonnet  by  radiation  or  in  some  unaccounted  for  manner. 

Attention  should  be  directed  to  the  fact  that  in  this  test  the  actual 
weight  of  air  entering  the'furnace  as  measured  at  the  inlet  was  60.15  lb. 
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per  mill.  The  sum  of  the  weights  of  air  leaving  the  10  register  faces 
was  59.76  lb.  or  only  0.65  per  cent  less.  In  all  tests,  this  agreement 
must  be  close  or  else  the  test  must  be  rejected. 

In  order  to  determine  the  true  significance  of  this  radiation  loss, 
a  fourth  test  No.  A-4  was  run  with  the  same  register  temperatures  as 
in  No.  A-2  but  with  a  heavy  layer  of  heat  insulation  material  consisting 
oi  l}/2  inches  of  hair  felt  around  the  entire  furnace  and  bonnet.  The 
effect  of  this  covering  as  well  as  the  relation  between  efficiencies  at 
various  register  temperatures  is  shown  in  the  curves  of  Fig.  18.     In 
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addition  to  test  No.  A-4  a  fifth  test  was  run  with  the  covering  re- 
moved from  the  bwer  casing  section  of  the  furnace,  and  the  results  are 
tabulated  and  plotted  as  test  No.  A-5.  No  explanation  is  offered 
concerning  these  results  until  more  data  are  available.  It  must  be 
clearly  understood  that  each  of  these  tests  must  be  checked  by  duplicate 
runs,  which  may  affect  the  shape  of  the  curves  somewhat,  but  Avill  not 
materially  change  their  significance.  In  fact,  this  curve  is  so  important 
that  check  tests  should  be  run  over  the  entire  range  of  register  tem- 
peratures from  120  to  190  deg.  F.  at  intervals  of  not  more  than  10  deg.  F. 
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V.     The  Auxiliary  Plant 

In  order  to  make  a  special  study  of  leaders,  stacks,  boots,  registers 
and  the  heat  insulation  of  leaders  and  stacks,  an  auxiliary  plant  (Figs.  19 
and  20)  has  been  erected.  This  plant  consists  of  a  single  leader  and 
stack  connected  to  a  heavily  insulated  casing  48  inches  in  diameter, 
which  is  equipped  with  a  series  of  high  pressure  steam  coils.  The 
temperature  of  the  steam  and  water  of  condensation  is  kept  under 
careful  observation  so  that  it  is  readily  possible  to  make  an  accurate 
calculation  of  the  air  passing  through  the  system  since  the  weight  of 
steam  is  recorded  for  every  test.  This  calculation  is  based  on  the  simple 
fact  that  the  heat  given  up  by  the  steam  is  equal  to  the  heat  put  into 
the  air  except  for  a  very  small  amount  of  heat  lost  by  radiation,  for 
which  due  allowance  is  made. 

The  same  type  of  register  box  and  face  is  used  at  the  head  of  the 
stack  as  is  now  in  service  on  the  main  plant.  It  is,  therefore,  possible 
to  use  the  same  anemometer  calibration  and  measure  the  air  handled 
by  this  single  leader  and  stack  at  the  register  as  well  as  by  the  steam 
condensed  in  the  coil.  The  data  given  (see  table  in  Fig.  20)  from 
the  first  test  on  this  plant  show  how  well  the  amounts  of  air  measured 
by  these  two  methods  check  each  other.  This  agreement  of  values  is 
most  significant  as  it  shows  that  there  can  be  no  great  error  in  the 
method  involved  in  the  use  of  a  calibrated  anemometer  in  front  of  a 
register  face. 

An  elaborate  series  of  tests  is  now  in  progress  on  this  plant,  and 
only  a  few  results  from  the  tests  so  far  run  are  submitted  herewith 
to  show  the  character  and  value  of  the  information  obtainable.  These 
data  are  based  on  a  study  of  a  second  story  leader  and  stack  with  a 
10-inch  uncovered  leader  supplying,  (1)  a  10-inch  round  stack, 
(2)  a  square  stack,  (3)  >a  rectangular  stack  with  sides  in  the  ratio 
of  2:1,  and  (4)  a  rectangular  stack  with  sides  in  the  ratio  of  4:1. 
In  this  first  series  of  tests,  the  four  stacks  and  the  leader  all  have  exactly 
the  same  cross-sectional  area.  The  next  series  of  tests  will  provide 
for  rectangular  stacks  having  first  only  one-half  and  secondl}'-  three- 
quarters  the  area  of  the  leader. 

All  tests  will  be  run  with  the  same  register  temperatures  for  both 
the  full  size  and  for  the  restricted  stacks.     By  controlling  the  flow  of 
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steam  to  the  steam  coils,  various  sets  of  register  temperatures  are  easily 
obtained. 

After  these  tests  have  been  run  the  value  of  covering  and  the 
relative  efficiency  of  single  and  double  wall  stacks  will  be  determined. 
It  will  be  noted  in  the  tests  reported  from  the  auxiliary  plant  that  the 
heat  loss  in  the  leaders  and  stacks  has  been  computed  as  well  as  the  loss 
in  temperature  between  the  bonnet  and  boot,  and  again  between  the 
boot  and  register  head,  for  uncovered  bright  tin  pipes. 

Additional  data  will  be  available  for  presentation  on  this  part  of 
the  w^ork  which  is  in  charge  of  V.  S.  T)SLy,  who  will  make  a  separate 
report  on  it  at  the  June  meeting  of  the  Association. 


Fig.  19.     The  Auxiliary  Plant  Showing  the  Wahlen  Gage  in  Use  on 
A  Round  Leader  and  Stack  of  the  Same  Area 
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Casing  Connected  to  Single  Leader,  Stack,  and  Register 
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VI.     Discussion  of  the  Present  Program  of  Investigation 

The  objects  of  this  investigation  have  already  been  stated  in  Sec- 
tion I,  but  it  may  not  be  evident  from  that  summary  just  what  the 
Research  Staff  has  been  doing,  is  now  engaged  in,  and  plans  to  under- 
take next.  For  that  reason,  the  following  program  of  activities  may 
help  to  give  a  clearer  idea  of  the  progress  of  this  work. 

(1)  A  satisfactory  method  for  measuring  temperatures  at  many 
points  had  to  be  developed.  This  has  been  done  as  indicated  in  Sec- 
tion II  and  has  been  in  successful  operation  for  several  months,  and  is 
accurate  within  1  or  2  degrees. 

(2)  The  problem  of  measuring  the  inflow  of  cold  air  at  the  furnace 
inlet  and  the  outflow  of  heated  air  at  numerous  register  faces  occupied 
a  great  deal  of  time.  A  solution  has  been  found  in  the  method  already 
described  in  Section  III,  and  the  average  results  are  accurate  within 
1  per  cent. 

(3)  The  first  actual  testing  problem  was  an  investigation  of  the 
effect  of  register  temperature  on  the  heating  and  air  handling  capacity 
of  a  complete  furnace  plant.  This  work  has  been  done  and  the  results 
reported  in  Section  IV  with  a  recommendation  that  for  the  maximum 
load  conditions  in  practice  the  register  temperatures  should  be  taken 
as  high  as  175  to  185  deg.  F.,  but  for  average  conditions  the  register 
temperature  should  not  exceed  150  deg.  F. 

(4)  The  next  actual  testing  problem  was  a  determination  of  the 
variation  in  efficiency  and  capacity  of  a  furnace  with  various  register 
temperatures.  This,  of  course,  also  involved  the  effect  of  various  rates 
of  combustion  on  the  efficiency  and  capacity  of  a  furnace.  In  no  case 
must  the  rate  of  combustion  at  any  time  require  a  draft  in  excess  of 
0.2  inch  water  gage.  As  hard  coal  is  used,  the  length  of  firing  period 
can  also  be  determined.  These  tests  are  now  in  progress  and  some  of 
the  results  have  been  reported  and  discussed  in  Section  IV. 

(5)  The  heat  and  air-carrying  capacities,  and  the  heat  losses  of 
various  kinds  and  sizes  of  leaders  and  stacks  has  long  been  an  open 
question.  Data  on  losses  through  various  types  of  boots  and  registers 
have  also  been  lacking.  All  these  problems  and  others  involving  the 
length  and  pitch  of  leaders  as  well  as  the  heights  of  and  offsets  in 
stacks  are  being  solved  by  the  tests  now  in  progress  with  the  auxiliary 
plant.     Some  of  the  results  of  this  work  are  reported  in  Section  V. 
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(6)  A  comparison  of  data  on  the  relative  efficiency  and  capacity 
of  various  furnaces  of  the  same  grate  area  and  firepot  capacity  but  with 
different  amounts  and  arrangements  of  heating  surface  was  one  of  the 
first  objects  suggested  by  the  members  of  the  Association.  The  tests 
on  a  solid  firepot,  ring-radiator  furnace  are  now  in  progress.  A  furnace 
without  radiator  having  a  single  combustion  chamber  will  be  tested 
next. 

(7)  A  comparison  between  hard  and  soft  coal  furnaces  of  the 
same  grate  area  and  firepot  capacity  should  be  made  as  early  in  this 
work  as  possible. 

(8)  A  study  of  cold  air  or  recirculating  connections  has  been 
provided  for  in  the  present  main  plant,  and  data  will  be  taken  on  the 
effect  of  velocities  in,  and  shape  of  the  inlet,  as  well  as  the  allowable 
friction  loss  in  the  same. 

(9)  A  standard  method  of  rating  furnaces  is  also  to  be  developed 
as  a  result  of  a  study  of  the  data  secured  in  the  foregoing  tests. 

(10)  Finally,  the  effect  of  modifications  in  design  and  installa- 
tion as  suggested  from  a  study  of  the  best  performance  found  in  these 
tests  should  be  investigated.  It  is  along  this  line  that  the  furnace 
industry  must  expect  to  profit  most  effectively  from  this  work. 
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VII.     Application   of  Test   Data  to  the  Design  of  Warm-Air 
Furnace   Heating   Installations 

It  is,  of  course,  necessary  to  wait  until  more  test  data  are  avail- 
able before  making  final  recommendations  as  to  the  proper  procedure, 
and  the  most  suitable  values  to  use  in  designing  a  furnace  heating 
system.  It  may  not,  however,  be  out  of  place  to  discuss  a  simple 
application  of  the  data  so  far  obtained  to  a  typical  furnace  heating 
design  problem  using  such  values  as  are  now  available.  In  the  follow- 
ing discussion  based  on  the  problem  presented  by  W.  E.  Pratt  it  has 
been  found  necessary  to  use  register  temperatures  as  high  as  185  deg.  F. 
for  the  first  floor  leaders.  It  is  undoubtedly  desirable,  however,  to 
use  a  lower  range  of  register  temperatures,  with  a  maximum  outlet 
temperature  of  not  over  175  deg.  F.,  whenever  possible. 

Curves  (Fig.  22)  have  been  plotted  from  the  data  obtained  in  seven 
tests  on  the  main  plant,  showing  the  relation  between  the  register 
temperatures  on  any  floor,  and  the  B.  t.  u.  carried  per  square  inch  of 
leader  pipe  per  hour  to  each  of  these  floors. 

KnoT\dng  the  B.  t.  u.  loss  per  hour  from  any  room  on  any  floor 
(first,  second  or  third)  and  given  any  register  temperature,  using  the 
value  of  B.  t.  u  per  square  inch  of  leader  pipe  from  these  curves,  simple 
division  will  give  the  square  inch  of  leader  pipe  necessary  to  heat  the 
room  to  70  deg.  F.,  on  a  zero  day. 

Taking  the  first  floor  rooms  of  the  house  plan  shown  in  Fig.  21, 
and  assuming  a  register  temperature  for  a  zero  day  of  185  deg.  F.  from 
the  curve  for  the  first  floor,  it  is  evident  that  one  square  inch  of  leader 
pipe  will  carry  115  B.  t.  u.  per  hour  to  the  rooms.  Then  dividing  the 
B.  t.  u.  loss  per  hour  from  the  room  Id}^  115  gives  the  number  of  square 
inches  of  leader  pipe  necessary  to  heat  the  room  on  a  zero  day. 

From  the  test  data  (Table  2)  it  is  apparent  that  the  temperature 
at  the  registers  on  the  second  floor  is  approximately  10  degrees  lower 
than  that  on  the  first  floor,  or  about  175  deg.  F.  In  like  manner  from 
the  second  floor  curve  it  is  found  that  one  square  inch  of  leader  pipe 
at  this  temperature  will  supply  160  B.  t.  u.  per  hour.  Dividing  the 
heat  loss  from  the  second  floor  rooms  by  this  value  gives  the  square 
inches  of  leader  pipe  necessary  to  offset  the  heat  loss  from  the  second 
floor  rooms. 
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Fig.  22.     Curves  Showing  Effect  of  Register  Temperature  on  Leader 

Capacity 


In  like  manner  the  test  data  show  a  register  temperature  on  the 
third  floor  that  is  about  the  same  as  that  on  the  first  floor.  From  the 
third  floor  curve  it  wnll  be  seen  that  at  185  deg.  F.  register  temperature 
one  square  inch  of  leader  pipe  will  carry  215  B.  t.  u.  per  hour.  The 
square  inches  of  leader  pipe  for  the  third  floor  rooms  is  found  as  before. 

In  plotting  the  curves,  the  average  register  temperature  for  any 
one  floor  was  used  in  each  case.  It  will  be  noted  from  the  typical  test 
data  (Table  6)  that  there  is  a  considerable  variation  in  register  tempera- 
tures on  any  one  floor.  It  is  therefore  evident  that  the  size  of  the  pipe 
as  figured  may  not  be  absolutely  correct  in  each  case.     It  is  not  much 
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in  error,  however,  and  in  view  of  the  large  increase  in  pipe  areas  from 
one  size  to  the  next,  the  error  is  neghgible  for  all  practical  purposes. 

It  is  quite  evident  that  the  design  of  a  furnace  heating  system  must 
be  based  on  the  B.  t.  u.  loss  per  hour  from  each  room.  This  method 
of  computation  is  quite  familiar  to  the  engineer  and  can  be  used  by  any 
well  qualified  furnace  man,  as  fairly  simple  formulas  can  be  made  to 
cover  most  types  of  installation.  A  later  bulletin  will  cover  such  appli- 
cations, and  therefore  no  space  is  given  to  the  calculation  of  heat  losses 
here. 

It  is  found  that  the  living  room  on  the  first  floor  of  the  house  under 
consideration  has  a  heat  loss  of  about  16,600  B.  t.  u.  per  hour.  With 
a  register  temperature  of  185  deg.  F.,  each  square  inch  of  leader  sup- 
plies 115  B.  t.  u.  and  the  calculated  area  becomes 

16,600     ,^, 
^j^-144sq.  m. 

which  requires  either  one  9-inch  and  one  10-inch  leader,  or  a  special 
133^-inch  leader. 

Following  is  a  table  showing  the  heat  loss  in  B.  t.  u.  per  hour 
from  each  room  of  the  typical  house  (Fig.  21),  and  the  size  of  leader 
pipe  as  previously  figured.  The  size  leader  that  would  be  installed  based 
on  the  results  as  figured  and  the  actual  areas  of  same  are  also  given. 
Stacks  are  assumed  of  common  commercial  sizes  as  the  plant  from 
which  the  data  were  secured  has  the  common  commercial  size  stacks. 
These  are  approximately  0.7  of  the  leader  area  for  the  second  floor, 
and  0 . 6  of  the  leader  area  for  the  third  floor. 

As  test  data  are  not  yet  available  on  stacks  and  registers  no  attempt 
has  been  made  to  discuss  the  design  of  this  part  of  the  system.  It  is 
also  assumed  that  all  the  preceding  leaders  are  short  and  straight.  The 
effect  of  long  runs  and  elbows  in  leaders  is  being  investigated  in  tests 
run  on  the  auxiliary  plant. 
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Table  7 
Heat  Loss  Data  and  Leader  Sizes  for  a  Typical  Furnace  Problem 


FIRST  FLOOR 


Room 

B.  t.  u.  Less 
per  Hour 

Size  Pipe  by 

Test  Data 

Sq.  In. 

Size  Pipe  by 

Install. 

In. 

Area 
Sq.  In. 

15590 
14040 

8980 
11810 

2287 

144 
121 

78 
103 

19 

1-9  and  1-10 

12 

10 

12 

8* 

143 

113 

78 

Hall      

113 

Toilet 

50 

SECOND   FLOOR 


0990 
8070 
8335 
7245 
3254 

44 
54 
52 
45 
20 

8 
9 
9 
8 
8* 

50 

64 

64 

50 

Bath       

50 

THIRD  FLOOR  (assuming  same  rooms  as  second  floor) 


Rooms  same  as  second 
floor  with  20  per  cent 
greater  heat  loss 


50 
50 
50 
50 
50 


*No  size  used  commercially  less  than  8-in.  diameter  pipe. 
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VIII.     The  Organization  of  the  Furnace  Research  Staff 
AND  THE  Advisory  Committee 

The  terms  of  the  agreement  between  the  Association  and  the 
University  provide  for  a  staff  composed  of  at  least  two  full-time  research 
associates  and  one  half-time  research  assistant  working  under  the 
supervision  of  the  Engineering  Experiment  Station.  In  addition  to 
these  men,  this  work  is  to  be  carried  on  in  consultation  with  an  Advisory 
Committee  on  Furnace  Research  appointed  by  the  President  of  the 
Association. 

It  was  found  impossible  to  assemble  the  complete  research  staff 
at  the  time  the  cooperative  agreement  became  effective,  and  it  was 
not  until  October  17,  1918,  that  the  first  man  reported  for  duty.  In 
the  meantime  a  large  amount  of  preliminary  work  had  been  done  by 
Professors  Willard  and  Kratz  in  getting  the  original  plant  equipped 
and  in  developing  the  cahbrating  plants.  As  soon  as  Prof.  S.  L. 
Simmering  arrived,  F.  G.  Wahlen  was  detailed  to  assist  him,  and 
Professor  Kratz  has  devoted  an  increasing  amount  of  his  time  to  the 
work  since  October  1.  With  the  addition  of  V.  S.  Day  on  December 
18,  1919,  and  finally  of  W.  E.  Pratt  on  January  16,  1918,  a  very  effec- 
tive organization  has  been  perfected  and  the  work  has  been  progressing 
rapidly  and  effectively,  since  January  of  this  year.  It  should  also  be 
noted  that  at  all  times  there  have  been  available  one  or  more  machinists 
and  mechanics  of  the  Mechanical  Engineering  Department  as  well  as 
F.  W.  Stearns  (special  mechanic)  who  has  been  of  the  greatest  assistance 
in  taking  data  on  many  tests.  In  the  operation  of  the  main  plant  on 
a  complete  10  to  12  hour  test  at  least  five  men  are  absolutely  necessary. 

The  personnel  of  the  Research  Staff  has  been  made  up  as  given 
on  the  following  page. 
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FtTRNACE    RESEARCH   STAFF 

Dean  C.  R.  Richards      .      Dea7i  College  of  Engineering  and  Director 

Engineering  Experiment  Station. 
Professor  A.  C.  Willard     .      .     Professor  Heating  and  Ventilation 
Professor  A.  P.  Kratz   ....        Research  Assistant  Professor 

Professor  S.  L.  Simmering* Research  Associate 

Mr.  F.  G.  Wahlen Research  Graduate  Assistant 

Mr.  V.  S.  DAYf      ....  Research  Assistajit  and  Acting  Secretary 
Mr.  W.  E.  PrattJ       .      .   Special  Investigator  and  Research  Associate 

The  Advisory  Committee  held  its  first  meeting  at  the  University 
on  December  17,  1918.  R.  C.  Cook  was  unable  to  be  present  at  this 
meeting,  and  W.  A.  Tuerre  represented  Walter  Wimmer.  Since  then, 
both  J.  M.  McHenry  and  P.  J.  Dougherty  have  been  frequent  visitors 
at  the  University  and  have  kept  in  close  touch  wdth  the  progress  of 
the  work.  The  present  program  of  investigation  as  given  in  Section  VI 
of  this  Bulletin  was  outlined  at  the  time  of  this  meeting  in  joint 
conference  A\ith  the  members  of  the  research  staff.  The  complete 
organization  of  this  committee  follows: 

ADVISORY  COMMITTEE     ON     FURNACE     RESEARCH 

Mr.  J.  M.  ]\IcHenry,  Chairman 
Manager  of  the  Furnace  Department 
Detroit  Stove  Works 
Detroit,  Michigan. 
Mr.  p.  J.  Dougherty, 
Heating  Engineer,  International  Heater  Company 
Utica,  New  York. 
Mr.  R.  C.  Cook, 

Manager,  Thatcher  Furnace  Company 
Chicago,  Illinois. 
Mr.  Walter  Wimmer, 

Manager,  Furnace  Department 
Wrought  Iron  Range  Company 
St.  Louis,  Missouri. 
Mr.  E.  S.  Moncrief, 

Vice-President,  The  Henry-Miller  Foundry  Company 
Cleveland,  Ohio. 


♦Appointed  October  18.  1918.     Resigned  March  31,  1919.  JAppointed  January  16,  1919. 

^Appointed  December  18,  1918. 
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IX.     Recommendations  to  the  Association  Concerning  the 
Future  of  this  Investigation 

The  work  so  far  accomplished  has  already  shown  that  a  great 
many  factors  vitally  affecting  the  design  and  operation  of  furnaces  and 
furnace  heating  systems  have  not  only  not  been  determined  but  their 
effect  has  not  even  been  correctly  estimated.  The  unusual  difficulties 
encountered  in  the  accurate  measurement  of  the  air  flowing  through 
such  a  system  under  natural  conditions  have  proved  the  most  serious 
obstacle  in  this  undertaking.  Enough  testing  work  has  been  done, 
however,  to  show  that  most  of  the  undetermined  factors  referred  to 
can  be  measured,  and  the  results  interpreted  in  such  form  as  to  be 
of  practical  use  to  the  furnace  industry,  as  set  forth  in  the  preceding 
pages  of  this  Bulletin. 

It  is  therefore  recommended  that  this  investigation  should  be 
continued  under  the  same  terms  as  those  of  the  present  cooperative 
agreement  which  expires  October  1,  1919.  It  is  further  suggested  that 
if  a  new  agreement  is  entered  into  after  October  1,  1919,  it  will  be  well 
to  consider  the  desirability  of  providing  for  an  advisory  engineering 
service  for  the  benefit  of  all  members  of  the  Association.  Such  a 
service  would  include  the  interpretation  of  the  results  of  this  investi- 
gation in  the  solution  of  problems  in  furnace  design  and  rating  and  in 
the  layout  and  installation  of  furnace  heating  systems. 
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APPI'XDIX  I  — FINANCIAL  STATEMENT 

Expenditures   by   the   National   Warm  Air  Heating  and  Ventilating  Asso- 
ciation since  Oct.  1,  1918 

A.  Salaries: 

1.  S.  L.  Simmering* SHOO 

Oct.  18  to  April  1 

2.  V.  S.  Day 448 

Dec.  17  to  May  1 

3.  W.  E.  Pratt 800 

Jan.  16  to  May  1 

Total S2348.00 

B.  Labor: 

1 .     For  mechanics'  labor  on  plant : 

Total 354.00 

C.  Malerialsj  (This  includes  labor  for  work  done  in  shops  other  than  the 

testing  laboratory) 

Coal,  furnace  work,  instruments,  auxiliary  plant,  etc.: 

Total 1053.35 

Grand  total        3755.35 

Total  expenditure 3755.36 

Fimd  appropriated 8000.00 

Remainder,  unexpended.  May  1,  1919 §4244,64 

Expenditures  by  the  University  since  January  1,  1917 

A.  Salaries:t 

1.  A.  P.  Kratz S1200.00 

(Estimated  at  approximately  half  time  for  one  year) 

2.  F.  G.  Wahlen 350.00 

Total $1550.00 

B.  Labor: 

Draftsmen  and  Mechanics 700.00 

C.  Main  Plant: 

Materials  and  Labor 886.58 

D.  Inslrumenis:^ 225.62 

E.  Calibrating  Plants: 

Materials  and  Labor 132.85 

Grand  total S3495.05 

♦Resigned  March  31,  1919. 

tPresent  furnace  and  piping  donated  by  members  of  the  Association. 
iThis  does  not  include  any  charges  for  supervision  by  A.  C.  Willard. 

§Not  inclusive  of  instruments  supplied  from  the  instrument  room  of  the  Meclianical  Engineering 
Laboratory. 

This  list  does  not  include  charges  for  materials  drawn  from  University  stock. 
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APPENDIX   II— THE  AGREEMENT   BETWEEN    THE   ASSO- 
CIATION  AND   THE  UNIVERSITY 

ARTICLES  OF  AGREEMENT  between  the  National  Warm-Air 
Heating  and  Ventilating  Association  and  the  Board  of  Trustees  of  the 
University  of  Illinois  for  a  co-operative  investigation  of  Warm- Air  Fur- 
naces and  Furnace  Heating  Systems  by  the  Engineering  Experiment 
Station  of  the  University  of  Illinois  under  the  following  terms  and 
conditions: 

I.  This  agreement  is  executed  for  a  period  of  one  year  beginning 
October  1,  1918,  with  the  understanding  that  it  may  be  extended  for 
additional  similar  periods  under  the  same  or  such  other  terms  as  may 
be  mutually  agreed  upon. 

II.  The  Engineering  Experiment  Station  will  supervise  and  direct 
all  testing  work  and  the  computation  of  all  results  obtained;  it  will 
furnish  the  furnace  testing  plant  now  installed  in  the  Mechanical  Engi- 
neering Laboratory,  together  with  all  testing  instruments  necessary  in 
the  investigation.  Should  important  changes  in  or  additions  to  the 
present  testing  plant  become  necessary,  it  is  agreed  that  the  cost  thereof 
shall  be  charged  against  the  fund  provided  by  the  National  Warm-Air 
Heating  and  Ventilating  Association  for  the  general  investigation  as 
hereinafter  provided. 

III.  An  advisory  committee  of  the  National  Warm- Air  Heating 
and  Ventilating  Association  shall  be  appointed  to  consult  with  the 
officers  of  the  Engineering  Experiment  Station  concerning  the  conduct 
of  the  investigation  and  the  general  testing  program  to  be  undertaken. 
When  a  general  program  of  tests  has  been  agreed  upon,  the  conduct  of 
the  tests  shall  be  entirely  under  the  control  of  the  Engineering  Experi- 
ment Station,  which  is  necessarily  responsible  for  the  results  secured. 

IV.  All  of  the  original  test  data  and  the  computations  and  results 
of  the  investigation  are  to  be  the  property  of  the  Engineering  Experi- 
ment Station  and  they  are  to  be  kept  on  file  at  the  University  of  Illinois. 
Furthermore,  it  is  understood  and  agreed  that  the  Engineering  Experi- 
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ment  Station  shall  have  the  exclusive  right  to  publish  the  results  of 
the  tests  and  investigations  conducted  under  this  agreement,  and  no 
publicity  to  any  of  the  tests  shall  be  given  prior  to  the  publication  of 
the  results  by  the  Engineering  Experiment  Station. 

V.  The  advisory  committee  or  other  authorized  representative 
of  the  National  Warm-Air  Heating  and  Ventilating  Association  shall 
at  all  times  have  access  to  the  data  secured  and  the  computed  results, 
and  one  copy  thereof  shall  be  furnished  the  Secretary  of  the  National 
Warm-Air  Heating  and  Ventilating  Association  subject,  however,  to 
the  conditions  named  in  Article  IV.  The  Engineering  Experiment  Sta- 
tion will  submit  a  semi-annual  report  on  the  work  in  progress,  in  addition 
to  the  data  and  results,  to  the  National  Warm-Air  Heating  and  Yen- 
tilating  Association. 

VI.  Not  less  than  two  full  time  testing  assistants  and  one  half- 
time  assistant  will  be  needed  to  conduct  the  investigation  herein  con- 
templated. The  salaries  of  these  assistants  and  of  any  other  assistants 
later  found  necessary  are  to  be  paid  from  the  funds  provided  by  the 
National  Warm-Air  Heating  and  Ventilating  Association.  These  assis- 
tants are  to  be  considered  members  of  the  staff  of  the  Engineering 
Experiment  Station  during  their  comiection  therewith. 

VII.  All  furnaces  tested  are  to  be  furnished  and  erected  at  the 
testing  plant  without  expense  to  the  Engineering  Experiment  Station. 
All  expenses  connected  with  the  preparation  of  the  furnaces  for  testing 
and  any  other  expense  connected  with  these  tests,  not  otherwise  pro- 
vided for,  shall  be  paid  from  the  funds  furnished  by  the  National 
Warm-Air  Heating  and  Ventilating  Association. 

VIII.  On  or  before  October  10,  1918,  the  National  Warm-Air 
Heating  and  Ventilating  Association  shall  pay  to  the  Board  of  Trustees 
of  the  University  of  Illinois  an  initial  sum  of  two  thousand  dollars 
($2,000.00)  and  thereafter  it  shall  maintain  in  this  special  fund  for 
furnace  testing  a  balance  of  not  less  than  five  hundred  dollars  ($500.00) 
to  be  administered  by  the  Comptroller  of  the  University  and  paid  out 
by  him  on  vouchers  approved  by  the  Director  of  the  Engineering  Experi- 
ment Station.  It  is  further  agreed  that  the  total  amount  of  the  fund 
expended  by  the  National  Warm-Air  Heating  and  Ventilating  Asso- 
ciation shall  not  exceed  eight  thousand  dollars  ($8,000.00)  for  the  first 
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year  of  this  agreement.  At  the  termination  of  this  agreement  or  at 
any  time  on  the  request  of  the  Association,  the  Comptroller  shall  render 
an  accounting  to  the  National  Warm-Air  Heating  and  Ventilating 
Association,  and  he  shall  return  to  the  Association  any  unexpended 
balance  which  may  remain  in  this  fund  at  the  termination  of  this 
agreement. 

The  Board  of  Trustees  of  the  University  of  Illinois 

[Signed] 

Lloyd  Morey,  Comptroller. 
Allen  W.  Williams, 

Secretary,  N.  W.  A.  H.  &  V.  A. 

Witnesses:  H.  E.  Cunningham, 

Secretar.y,  University  of  Illinois. 
Bess  D.  Fritz. 
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PANEL  SYSTEM  OF  COAL  MINING 
A  GRAPHICAL  STUDY  OF  PERCENTAGE  OF  EXTRACTION 


I.    Introduction 


1.  Reasons  for  the  Investigation. — In  1917  an  investigation* 
of  the  percentages  of  coal  extracted  and  lost  in  Illinois  and  in  other 
bituminous  coal  mining  districts  showed  that  the  percentage  obtained 
is  less  than  is  commonly  believed.  The  conclusions  reached  in  the 
earlier  investigation  naturally  led  to  the  study  of  the  panel  system  to 
determine  the  greatest  possible  extraction  with  different  dimensions  of 
workings. 

2.  Other  Investigations. — Investigations  of  a  similar  nature  have 
been  made  to  determine  the  relation  between  dimensions  of  workings 
and  amounts  of  extraction.  Special  mention  should  be  made  of  the 
work  of  J.  C.  Quade,  G.  E.  Lyman,  and  J.  C.  Gibson,  whose  methods 
are  described  on  pages  46,  66,  and  70.  So  far  as  is  known, 
however,  no  study  of  the  panel  system  in  general  with  regard  to  the 
percentage  of  extraction  and  the  change  of  this  percentage  with 
change  of  dimensions  of  workings  has  hitherto  been  made. 

3.  Acknowledgments. — The  work  of  the  Illinois  Coal  Mining  In- 
vestigations is  carried  on  under  the  direction  of  Professor  H.  H.  Stoek, 
head  of  the  Department  of  Mining  Engineering,  University  of  Illi- 
nois; F.  "W.  De  Wolf,  Chief,  State  Geological  Survey  Division;  and 
G.  S.  Rice,  Chief  Mining  Engineer,  U.  S.  Bureau  of  Mines.  Professor 
Stoek  has  been  especially  helpful  in  carefully  revising  the  manuscript. 

4.  Summary. — The  investigation  shows  that  the  highest  extrac- 
tion which  can  possibly  be  attained  under  the  conditions  assumed, 
with  rooms  300  feet  long  and  30  feet  wide  on  50-foot  centers,  is  only 
57.05  per  cent.    Even  if  the  improbable  ratio  of  room  to  pillar  width 


*Young,  C.  M.,  "Percentage  of  Extraction  of  Bituminous  Coal  with  Special  Reference 
to  Illinois  Conditions."  Illinois  Coal  Mining  Investigations,  Univ.  of  111.  Eng.  Exp.  Sta., 
Bui.  100,    1917. 
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of  4  to  1  (40-foot  rooms  on  50-foot  centers)  is  assumed,  the  highest 
attainable  extraction  is  68.48  per  cent.  No  better  results  than  these 
can  be  reached  unless  the  amount  of  coal  left  in  room  pillars  or  in 
barrier  pillars  is  reduced.  As  a  matter  of  fact,  the  average  extraction 
throughout  the  State  is  not  more  than  50  per  cent  and  in  those  parts 
where  coal  is  thickest  and  lies  at  greatest  depth,  the  extraction  will 
not  average  so  much.  The  lowest  extractions  are  due  in  part  to  the 
leaving  of  top  coal;  thus  the  actual  extraction  in  some  districts  is 
lower  than  that  indicated  by  calculation  on  an  area  basis. 

The  percentage  of  extraction  increases  with  the  increase  of  ratio 
between  room  width  and  pillar  width,  with  length  of  rooms  and  with 
number  of  rooms  per  entry,  but  the  diagrams  showing  the  effect  of 
changes  of  dimensions  on  percentages  of  extraction  indicate  that, 
except  in  the  case  of  ratio  of  room  width  to  pillar  width,  very  nearly 
the  maximum  effect  of  these  changes  has  been  reached  by  the  dimen- 
sions considered,  i.  e.,  room  length  from  200  to  300  feet,  room  width 
from  20  to  40  feet,  number  of  rooms  per  entry  from  8  to  24.  Further 
increase  of  length  of  rooms  or  of  number  of  rooms  per  entry  would 
not  materially  increase  the  percentage  of  extraction. 

The  percentage  of  extraction  could  be  further  increased  by  in- 
crease of  room  width  in  relation  to  pillar  width,  but  it  is  only  rarely 
that  a  ratio  of  even  4  to  1  can  be  used  without  the  production  of 
squeezes.  The  conclusion  is,  therefore,  warranted  that  the  extraction 
under  a  panel  system  of  mining,  which  relies  upon  coal  left  in  the 
ground  for  the  support  of  the  overburden,  cannot  be  greater  than 
about  68  per  cent  unless  a  smaller  amount  of  coal  is  left  in  the  form 
of  barrier  pillars  than  is  assumed  in  this  investigation. 

5.  Reasons  for  Low  Extraction. — There  are  two  essential  reasons 
for  low  extraction.  The  first  is  the  leaving  of  top  coal,  because  the 
roof  needs  support  or  because  the  bed  is  too  thick  for  convenient  min- 
ing of  the  whole  thickness.  Such  losses  occur  principally  in  the  thick 
coal  of  the  southern  part  of  the  State.  When  some  support  for  the 
roof  is  necessary  and  when  it  can  be  furnished  by  coal  left  in  place  at 
less  cost  than  by  artificial  means,  the  leaving  of  coal  is  justified, 
commercially,  though  such  loss  may  still  be  criticized  from  the  stand- 
point of  conservation.  In  some  places,  however,  the  thickness  of  coal 
left  is  much  greater  than  is  necessary  to  support  the  roof,  and  it  is 
probable  that  a  considerably  larger  amount  of  the  coal  might  be  ex- 
tracted at  a  cost  which  would  allow  a  profit  on  the  top  coal  mined. 
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The  second  reason  for  low  extraction  lies  in  the  method  oi 
mining  which  depends  upon  coal,  left  in  the  form  of  pillars,  to  sup- 
port overlying  material.  The  use  of  coal  for  such  support  may  be 
considered :  first,  for  the  support  of  the  immediate  top  until  a  place 
has  been  worked  out,  and  secondly,  for  the  permanent  support  of  the 
overburden  to  prevent  subsidence  of  the  surface. 

In  the  first  case  large  pillars  would  commonly  be  unnecessary 
and  the  ratio  of  room  width  to  pillar  width  might  be  large.  Under 
this  case  may  be  considered  such  operations  as  those  in  Fulton  County, 
discussed  in  Appendix  I,  where  no  attempt  is  made  at  permanent  sup- 
port of  the  surface,  and  where  coal  left  in  pillars  may  be  considered 
as  serving  the  same  purpose  as  props.  Pillars  which  are  8  feet  wide 
near  the  entry  are  tapered  to  almost  nothing  at  the  end;  yet  these 
pillars  serve  their  purpose  of  support  to  the  immediate  top  until  the 
coal  has  been  worked  out.  Under  such  circumstances  it  is  possible 
to  extract  from  70  to  80  per  cent  of  the  coal,  but  such  results  would 
be  unattainable  in  thick  coal  because  the  strength  of  a  pillar  decreases 
rapidly  as  its  height  increases,  and  consequently  greater  pillar  width 
would  be  necessary  to  furnish  the  support  needed. 

The  second  case  is  that  of  the  use  of  coal  in  the  form  of  pillars 
as  a  permanent  support  for  the  overburden,  and  this  use  constitutes 
the  principal  reason  for  low  extraction.  A  much  higher  percentage 
of  coal  might  be  obtained  if  the  surface  were  allowed  to  subside. 
Under  present  conditions,  however,  this  practice  is  not  often  con- 
sidered practical,  especially  where  ownership  of  the  coal  and  the 
surface  is  separate,  because  the  operator  is  often  compelled  to  pay 
very  high  damages  for  any  disturbance  of  the  surface. 

While  no  general  rule  can  be  stated  for  the  determination  of 
the  dimensions  of  pillars  and  of  the  ratio  of  pillar  area  to  room  area 
necessary  for  the  permanent  support  of  the  surface  at  a  given  depth, 
it  is  known  that  the  relative  area  of  pillars  must  be  made  greater 
as  the  depth  increases.  Experience  in  Illinois  shows  that  the  surface 
cannot  be  permanently  sustained  over  the  deeper  and  thicker  beds 
of  the  State  unless  about  half  of  the  coal  is  left.  This  statement  is 
true  in  general  for  Districts  V,  VI,  and  VII,  of  the  Illinois  Coal 
Mining  Investigations,  which  include  bed  5  in  Saline  and  Gallatin 
counties  and  nearly  all  mines  in  the  No.  6  coal. 

No  high  percentage  of  extraction  is  possible  without  subsidence 
of  the  surface  unless  the  space  left  by  the  coal  is  fiUed,  probably  by 
washing  fine  material  into  the  mine  through  pipes.    Illinois  mines  are 
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in  general  nearly  level  and  it  would  be  difficult  to  transport  the  filling 
material  along  the  entries  by  means  of  water ;  also  the  removal  of  the 
water  would  be  difficult  and  expensive.  For  these  reasons  the  method 
appears  at  present  to  be  impractical  in  Illinois;  therefore  if  high 
extraction  is  to  be  obtained  subsidence  must  be  expected  and  con- 
trolled as  is  being  successfully  done  in  some  districts  where  extraction 
of  more  than  90  per  cent  is  customary. 
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II.    Advantages  op  Greater  Extraction 

The  principal  advantages  of  higher  extraction  may  be  sum- 
marized as  follows : 

6.  Investme7it  per  Ton  of  Total  Output. — If  the  amount  of  coal 
extracted  could  be  increased  from  50  to  100  per  cent,  the  investment, 
per  ton  of  total  coal  produced  for  surface  plants,  shafts,  entries,  etc., 
would  be  reduced  by  half  because  twice  as  much  coal  would  be  handled 
with  the  equipment.  ]\Iaintenance  charges,  however,  would  not  be 
similarly  reduced  since  the  colliery  would  be  in  operation  for  twice 
as  long  if  the  same  territory  were  involved.  The  cost  per  ton  of 
coal  in  the  ground  would  be  decreased  by  one-half  when  the  coal  is 
purchased  in  fee,  and  where  it  is  leased  on  royalty  the  owner  of  the 
land  would  receive  twice  as  much  as  he  formerly  received. 

7.  Cost  of  Haulage. — The  cost  per  ton  for  moving  the  coal  from 
the  working  place  to  the  shaft  would  be  decreased,  because  the 
average  length  of  haul  would  be  only  half  as  much  as  wdth  50  per 
cent  extraction.  Twice  as  much  coal  would  be  hauled  through  the 
entries,  so  that  the  cost  per  ton  of  coal  for  maintaining  entries  would 
be  lessened.  Since  the  element  of  time  is  also  involved,  it  is  not  possible 
to  say  that  the  cost  for  maintenance  would  be  reduced  by  50  per  cent. 

8.  Cost  of  Ventilation. — The  average  distance  from  the  shaft  of 
places  to  be  ventilated  being  only  half  as  much  as  with  50  per  cent  ex- 
traction, the  expense  of  ventilation  would  be  decreased.  Ventilation 
would  be  simplified,  because  worked-out  places  would  cave  and  would 
require  no  attention  except  the  provision  of  bleeders  or  of  seals. 

To  summarize,  the  cost  per  ton  of  total  coal  for  all  installations 
and  excavations  which  would  not  need  renewal  because  of  the  increased 
time  of  service  would  be  reduced  by  50  per  cent.  In  operations  whose 
costs  are  affected  by  the  distance  from  the  shafts  to  the  point  of  pro- 
duction, the  costs  would  be  reduced  in  proportion  to  the  effect  of  the 
distance.  While  it  cannot  be  expected  that  an  extraction  of  100  per 
cent  mil  be  obtained,  an  extraction  of  90  per  cent  should  not  be 
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difficult  from  an  engineering  standpoint,  and  the  economies  resulting 
would  be  in  proportion  to  the  increase. 

9.  Efficiency  of  Supervision. — Appreciation  of  the  need  of  thor- 
ough supervision  to  preserve  mines  in  working  condition  and  to  pre- 
vent accidents  is  increasing,  but  under  present  mining  practice  the 
visits  to  a  working  place  can  be  made  more  frequent  only  by  increas- 
ing the  supervising  force,  thus  adding  to  the  cost  of  coal.  "With  greater 
extraction  the  concentration  of  workings  would  eliminate  a  part  of 
the  time  now  lost  in  travel,  and  thus  would  help  to  solve  the  problem 
of  increased  supervision. 

10.  Prevention  of  Waste. — The  greatest  ultimate  advantage  of 
higher  extraction  would  be  the  increase  of  the  available  reserves  of 
coal.  At  present  this  advantage  is  largely  overlooked,  because  the 
reserves  of  coal  of  the  quality  and  thickness  now  mined  are  sufficient 
for  many  years.  Unfortunately,  however,  it  is  the  best  coal  and  that 
easiest  to  produce  which  is  being  lost,  and  the  coal  which  will  be 
available  when  the  reserves  are  exhausted  will  certainly  be  more 
costly  and  perhaps  not  so  good.  Even  if  the  question  of  reserves  is 
neglected  because  no  immediate  exhaustion  is  possible,  it  is  a  subject 
for  great  regret  that  a  substance  as  valuable  as  coal  should  be  un- 
necessarily lost. 

There  is  no  doubt  of  the  ability  of  mining  engineers  to  plan 
operations  to  get  high  extraction.  The  methods  are  well  known  and 
are  employed  with  great  advantage  and  without  great  difficulty  in 
some  districts,  and  there  is  no  reason  to  doubt  their  success  in  Illinois. 
The  problem  is  more  one  of  immediate  commercial  advantage  than  one 
of  engineering  practice. 
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III.    Principles  Involved  in  High  Extraction 

High  extraction  requires  the  mining  of  pillar  coal.  Three  prin- 
ciples are  involved  in  the  successful  extraction  of  this  coal:  first, 
the  strain  on  the  roof  above  the  rooms  must  not  be  great  enough 
to  cause  the  roof  to  fall  before  the  pillar  coal  is  removed;  secondly, 
the  strain  on  the  pillars  must  not  be  great  enough  to  cause  squeezing ; 
thirdly,  additional  strain  on  the  pillars,  due  to  pillar  drawing,  must 
be  prevented  by  the  breaking  of  the  roof  behind  the  retreating  pillar 
face. 

The  fall  of  the  roof  can  be  prevented  by  making  the  room  suffi- 
ciently narrow,  or  at  least  the  strain  can  be  decreased  so  that  proper 
timbering  will  prevent  falls.  This  does  not  necessarily  involve  low 
ratio  of  room  width  to  pillar  width.  If  the  pillars  are  to  be  removed, 
however,  they  will  necessarily  be  made  large  enough  for  convenient 
working.  In  some  districts  where  pillar  coal  is  successfully  mined 
and  where  high  extraction  is  reached,  rooms  are  made  very  narrow 
and  are,  in  fact,  little  more  than  openings  for  ventilation  and  for 
access  to  the  pillar  coal.  Such  extreme  narrowness  is  necessary  only 
under  bad  top,  and  rooms  in  most  places  in  Illinois  could  probably 
be  made  20  feet  wide  without  interference  with  successful  pillar  work. 

The  strain  on  the  pillars  due  to  the  weight  of  the  overburden 
must  be  kept  within  the  limits  of  strength  of  the  pillars  themselves 
and  of  the  top  and  bottom.  When  the  room  coal  is  removed,  the 
weight  of  the  overlying  material  is  transferred  to  the  pillars  and 
these  must  be  made  large  enough  to  stand  the  strain  without  being 
crushed  or  pressed  into  the  top  or  bottom. 

When  the  extraction  of  the  pillar  coal  is  commenced  at  the  end 
of  the  room,  a  part  of  the  weight  of  the  overburden  above  the  portion 
removed  is  transferred  to  the  remaining  pillars,  thus  increasing  the 
strain.  This  strain  may  be  relieved  by  the  breaking  of  the  roof  be- 
hind the  retreating  pillar  face. 

If  enough  coal  is  left  in  piUars  to  prevent  crushing  before  pil- 
lar drawing  begins,  and  if  the  strain  is  relieved  by  the  breaking  of 
the  roof  during  pillar  drawing,  squeezes  will  be  entirely  prevented. 

These  three  principles:  rooms  narrow  enough  for  the  support 
of  the  roof,   pillars   large   enough   to   stand   without   crushing,    and 
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relief  of  additional  strain  due  to  pillar  drawing  by  the  breaking 
of  the  roof,  are  successfully  applied  in  some  mining  districts  in  this 
country.  There  is  nothing  in  the  physical  conditions  of  the  Illinois 
coal  fields  to  indicate  that  the  application  of  these  principles  is  im- 
possible or  even  unusually  difficult.     • 
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IV.    Method  of  Investigating  the  Percentages  of   Extraction 

The  object  of  the  calculations  hereinafter  described  was  the  deter- 
mination of  percentages  of  extraction  when  plans  for  the  develop- 
ment of  a  mine  are  carefully  made  and  all  dimensions  accurately 
followed.  It  was  necessary  to  consider  a  hypothetical  mine  or  a  part 
of  one  consistently  developed  on  some  predetermined  plan.  The 
discussion  has  been  confined  to  the  panel  system,  because  it  repre- 
sents the  highest  development  reached  in  the  extraction  of  coal  by 
rooms  and  pillars.  It  is  upon  this  system  that  all  large  modern  mines 
in  Illinois  are  projected. 

The  term  panel  system  originally  implied  the  isolation  of  a  group 
of  rooms,  called  a  panel,  from  other  such  groups  or  panels,  by  a 
surrounding  pillar  of  coal  pierced  on  one  side  only  by  the  room  en- 
tries. The  term  is  now  frequently  applied  to  a  system  in  which  the 
room  entries  do  not  terminate  in  the  panel  but  are  driven  through 
to  the  next  cross  entry,  the  block  of  rooms  thus  being  opened  at  both 
ends  instead  of  only  at  one,  the  pillars  between  the  ends  of  panels 
being  omitted. 

The  present  tendency  in  Illinois  eems  to  be  toward  the  adoption 
of  a  more  nearly  completely  isolated  panel  than  has  been  used 
though  the  fire  pillars  remaining  are  too  narrow  to  resist  squeezing. 
On  this  basis  the  values  in  the  tables  and  diagrams  given  have  been 
calculated.  The  assumed  pillars  between  the  ends  of  adjacent  panels 
are,  however,  very  thin  and  approximately  the  same  values  will  be 
found  if  these  pillars  are  omitted.  The  figures  and  diagrams  will 
apply  Yery  closely  to  either  form  of  the  panel  system. 

11.  Basis  of  Calculation. — In  the  following  discussion  extraction 
is  calculated  on  the  basis  of  area  excavated  instead  of  on  that  of 
tonnage  produced.  When  the  workings  are  of  uniform  height  through- 
out the  mine,  the  extraction  on  the  basis  of  tonnage  is  proportional 
to  that  on  the  basis  of  area,  but,  if  a  portion  of  the  coal  is  left  at 
top  or  bottom  as  is  frequently  the  case  in  thick  coal  and  under  a  poor 
roof,  the  ratio  of  tonnage  to  area  may  vary  in  different  parts  of  the 
mine.  Whenever  coal  is  left  on  the  top  or  bottom,  the  extraction  on  a 
tonnage  basis  is  less  than  that  on  an  area  basis.     To  get  the  per- 


It)  LLLilNOLS  ENGINEERING  EXPERIMENT  aXATlON 

centage  of  extraction  on  a  tonnage  basis  from  that  on  an  area  basis, 
the  latter  should  be  multiplied  by  the  ratio  of  thickness  mined  to  the 
total  thickness  of  the  bed.  In  some  parts  of  Illinois,  for  example, 
where  the  thickness  of  the  coal  is  nine  feet  or  more,  only  about  seven 
feet  of  the  coal  is  extracted.  In  such  places  the  tonnage  produced 
cannot  be  more  than  seven-ninths,  or  78  per  cent,  of  that  indicated 
by  the  area  excavated  and  is  less  if  the  thickness  of  the  coal  is  greater 
than  nine  feet.  This  fact  should  be  borne  in  mind  in  considering  the 
percentages  of  extraction  given  in  this  bulletin.  In  other  words 
these  percentages  are  the  maximum  amounts  of  coal  which  it  is  possible 
to  get  with  the  given  dimensions  of  workings  without  the  gouging  of 
pillars  or  the  extraction  of  pillar  coal  on  the  retreat.  As  there  is 
always  some  waste  in  mining,  the  extractions  obtained  in  practice 
with  similar  dimensions  may  be  expected  to  fall  below  those  indi- 
cated in  the  tables.  The  amount  of  waste  is  variable,  but  it  is  doubt- 
ful if  it  is  ever  less  than  5  per  cent. 

12.  Method  of  Computation. — An  area  of  160  acres  was  selected 
as  large  enough  to  give  sufficiently  accurate  results,  and  workings 
were  laid  out  for  this  area.  Since  an  area  of  nearly  an  acre  is  worked 
out  per  day  in  the  larger  mines,  v  lich  produce  4000  tons,  or  more,  per 
day  as  now  operated  in  lUinc'j,  it  will  be  seen  that  160  acres  is 
only  a  small  part  of  the  tract  developed  by  a  single  large  mine;  in 
fact  it  represents  only  about  160  days'  work.  Accordingly  in  plan- 
ning the  projection,  no  attempt  was  made  to  lay  out  160  acres  as  a 
complete  mine,  but  this  small  tract  was  assumed  to  be  part  of  a  larger 
district  and  was  treated  as  if  a  square  of  160  acres  had  been  taken 
from  the  map  of  a  large  mine. 

If  the  160  acres  had  been  developed  by  itself,  one  would  natural- 
ly assume  that  the  main  entry  was  driven  through  the  middle  of  the 
tract  and  that  the  cross  entries  were  driven  equal  distances  to  each 
side.  Instead  of  this  assumption  it  was  determined  as  a  matter  of  sim- 
plification that  the  line  of  the  ends  of  a  series  of  panels  driven  from 
one  cross  entry  should  constitute  one  border,  m  -  n,  and  the  sides  of 
a  series  of  panels  should  constitute  another  border,  n-o  (Fig.  1). 

In  this  160-acre  tract  workings  were  laid  out  with  different 
dimensions  and  the  percentages  of  extraction  for  these  different  dimen- 
sions calculated.  The  room  lengths  chosen  were  200  feet,  250  feet, 
and  300  feet.    The  numbers  of  rooms  per  entry  chosen  were  8,  12,  16, 
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FiG.  1.    Map  of  160-Acre  Tract  Selected  for  Investigation 


20,  24,  and  28.  The  cases  assumed  include,  of  course,  only  a  few  of 
the  many  dimensions  and  numbers  of  rooms  that  may  occur,  but  they 
show  the  effects  of  variation  in  dimensions  and  number. 

For  the  first  calculation  it  was  assumed  that  all  rooms  should 
be  25  feet  wide  and  driven  on  50-foot  centers.  After  the  method 
had  been  developed  for  these  dimensions,  calculations  were  made  for 
different  room  widths,  namely,  20,  30,  35,  and  40  feet.  Other  assump- 
tions made  with  regard  to  various  portions  of  the  workings  will  be 
explained  in  the  detailed  consideration  of  the  calculations  of  area 
and  extraction. 

No  allowance  was  made  for  a  barrier  pillar  around  the  tract 
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since  the  barrier  pillar  left  around  the  borders  of  a  mine  constitutes 
only  a  very  small  percentage  of  the  total  area,  and  the  proportion 
which  would  be  chargeable  to  an  area  of  160  acres  would  be  insignifi- 
cant. 

One  result  of  the  limitation  of  the  area  is  the  occurrence  of 
certain  irregularities  in  the  percentages  of  area  occupied  by  different 
portions  of  the  workings  and  in  the  percentages  of  extraction.  These 
irregularities  would  not  be  found  if  a  larger  tract  were  under  con- 
sideration. They  will  be  explained  in  the  discussion  of  the  diagrams 
showing  areas  and  percentages  of  extraction  (Figs.  4  to  9). 

The   dimensions   assumed   are   as   follows : 

Feet 

Entry  width   12 

Main  entry  pillar 25 

Cross  entry  pillar   25 

Eoom   entry   pillar    20 

Entry    cross-cut    ■svidtli    12 

Entry   cross-cut    centers    72 

Barrier    pillars     100 

Pillars  at  sides  of  panels    20 

Pillars  at  ends  of  panels    25 

Eoom  neck,  width    18 

Eoom   neck,   length    12 

Distance   from    entry   rib    to    point    where    room    reaches 

full  width    18 

Eoom    cross-cut    width    18 

The  constant  quantities  in  the  calculations  are  the  dimensions  of 
the  tract  under  consideration,  the  widths  of  entries  and  entry  pillars, 
the  spacing  and  width  of  entry  cross-cuts  and  room  cross-cuts,  the 
dimensions  of  room  necks,  and  the  widths  of  barrier  pillars  and  of 
pillars  at  sides  and  ends  of  panels.  The  variables  are  the  length 
of  rooms,  the  width  of  rooms,  and  the  number  of  rooms  per  panel. 
Changes  in  these  variables  involve  changes  in  the  percentages  of 
area  occupied  by  different  portions  of  the  workings  and  in  the  per- 
centage of  extraction  in  the  portions  occupied  by  rooms  and  pillars. 

13.  Metliod  of  Procedure. — The  method  of  procedure  involved : 
first,  the  determination  of  the  percentage  of  coal  won  or  lost  in  any 
portion  of  the  workings,  such  as  rooms  and  pillars,  and  barriers,  and 
secondly,   the   determination   of  the   percentage   of   the   entire   area 
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occupied  by  this  portion.  A  calculation  was  made,  for  example,  of 
the  percentage  of  extraction  inside  a  panel  and  then  of  the  per- 
centage of  the  total  area  occupied  by  panels.  A  summation  of  the 
extractions  in  different  workings  gave  the  total  extraction. 

Three  classes  of  workings  are  considered:  (1)  rooms  and  pillars, 
(2)  entries,  and  (3)  pillars  outside  the  panels.  These  divisions  are 
taken  up  separately  and  in  order. 

In  determining  the  area  excavated  in  the  room  and  pillar  area 
of  the  panel,  that  is,  the  area  of  the  panel  mined  out  with  the  excep- 
tion of  the  room  entry,  cdef  and  gUh,  Fig.  1,  a  calculation  of  the 
area  of  a  single  room  and  its  cross-cuts  was  made.  This  area  was 
multiplied  by  the  number  of  rooms  per  panel,  proper  allowance 
being  made  for  the  fact  that  there  is  always  one  more  room  than 
pillars  on  an  entry  and  that  the  total  area  of  cross-cuts  is  calculated 
from  the  number  of  pillars.  To  calculate  the  area  taken  out  per  room 
the  area  lost  at  the  neck  was  subtracted  from  the  product  of  the 
width  and  the  length  of  the  room. 

The  forms  and  the  dimensions  of  the  room  necks  and  cross-cuts 
are  shown  in  Fig.  2.  The  area  lost  at  the  room  neck  in  the  case  of  a 
room  25  feet  wide  is 


1  O     I     1  o 

2  X  3.5  X  -^~ =  105  square  feet 


2 

In  all  cases  it  was  assumed  that  cross-cuts  were  staggered  and 
that  the  number  of  cross-cuts  through  any  pillar  was  either  one  more 
or  one  less  than  that  made  through  the  adjoining  pillars.  Cross-cuts 
were  so  spaced  that  no  working  place  would  be  driven  more  than 
60  feet  ahead  of  the  air  current.  This  arrangement  gives  an  average 
of  11/2  cross-cuts  per  pillar  for  the  200-foot  rooms,  and  2^^  for  the 
250-foot  rooms.  This  method  of  arranging  cross-cuts  is  common  but 
not  universal.  The  percentage  of  area  occupied  by  cross-cuts  is 
small,  however,  and  it  makes  little  difference,  so  far  as  the  per- 
centage of  extraction  is  concerned,  whether  the  cross-cuts  are  as- 
sumed to  be  in  a  straight  line  or  staggered.  The  area  of  cross-cuts 
per  pillar  in  the  case  of  the  250-foot  room  is 

2.5X18X25  =  1,125  square  feet 

The  area  of  the  rooms  turned  from  one  entry,  with  their  cross- 
cuts, assuming  12  rooms  per  entry  and  a  room  length  of  250  feet,  is 

12  [(25X250) -105]  +  (11  X2. 5X18X25)  =86,115  square  feet 
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Pro.  2.     Room  Entry  and  Book  Necks 
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In  the  following  computations  it  is  assumed  that  rooms  are 
turned  from  both  the  room  entries,  and  the  area  of  the  number  of 
rooms  and  room  cross-cuts  in  the  panel  is 

2X86,115  =  172,230  square  feet 

The  area  devoted  to  rooms  and  pillars  in  a  panel  of  12  rooms, 
25  feet  wide  on  50-foot  centers  and  250  feet  long,  is 

[24X25X250]'-h  [22X25X250]  =287,500  square  feet 

and  the  percentage  of  extraction  is 

172,230X100    _f-  „,  , 

287,500      =59.91  per  cent 

14.  Lengths  of  Entries. — The  lengths  of  entries  are  obtained 
by  measurement  or  by  calculation.  The  length  given  in  each  case 
is  that  of  the  double  entry,  e.  g.,  the  length  of  the  main  entry  is 
2640  feet. 

15.  Percentage  of  Extraction  in  Entries. — ^With  the  following 
notation, 

Le=  length  of  entry 
1^6  =  width  of  entrj' 

w  =  number  of  entries  (2  for  double  entry,  3  for  triple  entry) 
W-p  =  width  of  entry  pillar 
TFc  =  width  of  cross-cuts 

Cc  =  cross-cut  centers 

the  percentage  of  extraction  in  any  entry  or  group  of  entries  is  ex- 
pressed by  the  formula : 

[{nXLeXWe)  +  (w-1)  (-^XTFcXTFp)]  X  100 
{nXLeXWe)  +  {n-l)XLeXWp 

With  the  dimensions  assumed  on  page  18,  the  percentage  of 
extraction  in  room  entries  is 

[(2X12)  -f  (^  X20)]  XlOO 
77 =  62.12  per  cent 
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In  the  same  way  the  percentage  of  extraction  in  main  entry  and 
cross  entries  is 

[(2X12)  +  (^X25)]  XlOO 
Tq =  57.48  per  cent 

The  difference  in  extraction  between  the  main  and  cross  entries 
and  the  room  entries  is  due  to  the  differences  in  width  of  entry  pillars. 

The  area  extracted  in  the  room  entries  inside  the  panel  is  equal 
to  the  area  occupied  by  the  entries  and  entry  pillar  multiplied  by 
the  percentage  of  extraction: 

44 X.57o  XO . 6212  =  15,716  square  feet 

16.  Percentage,  of  Extraction  Inside  the  Panel.  —  The  total 
area  extracted  inside  the  panel  is  the  sum  of  the  areas  of  rooius  with 
their  cross-cuts  and  of  the  entries  and  their  cross-cuts. 

172,230  +  15,716  =  187,946  square  feet 
and  the  percentage  of  extraction  is 

187,946X100     „„  „„  , 

— TTTrr:^^ —  =60.09  per  cent 
o44Xo7o 

in  which  544  is  the  width  of  the  panel  and  575  the  length. 

17.  Percentage  of  the  Total  Area  Occupied  by  Panels. — In  any 
restricted  area,  such  as  that  under  consideration,  there  will  be  in  most 
instances  a  number  of  whole  panels  and  parts  of  others  which  can  be 
determined  by  plotting  or  by  computation.  In  the  case  under  con- 
sideration, which  is  illustrated  in  Fig.  1,  there  were  12  whole  panels 
544  by  575  feet,  3  parts  of  panels  155  by  575  feet,  1  part  155  by 
392  feet,  and  4  parts  544  by  392  feet.  The  total  area  of  the  panels 
was  then : 

Square  Feet 

12X544X575  =  3,753,600 

3X155X575=    267,375 

155X392=      60,760 

4X544X392=    852,992 

4,934,727 
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The  total  percentage  of  area  occupied  by  panels  is 

4,934,727X100      „^  ^^  . 

6,969,600       =70.80  per  cent 

18.  Percentage  of  Total  Area  Extracted  in  All  Panels. — This 
is  the  product  of  the  percentage  of  total  area  occupied  by  panels 
and  the  percentage  of  extraction  in  panels: 

70.80X0.6009=42.54  per  cent 

19.  Entry  Area  Outside  the  Panels. — A  double  main  entry  is 
assumed  to  be  driven  across  the  tract,  its  area  being  2,640  X  49  ^ 
129,360  square  feet.  In  the  case  of  the  two  double  cross  entries 
the  width  is  the  same,  but  the  length  is  less  by  the  width  of  the  main 
entry  from  which  the  two  cross  entries  are  driven.  The  area  of 
these  two  is 

2X2,591X49=253,918  square  feet 

The  area  devoted  to  the  main  entry  was  the  same  in  all  instances 
since  only  one  main  entry  was  assumed.  The  area  of  cross  entries 
varied  considerably  as  there  were  sometimes  three  cross  entries,  some- 
times two  and  sometimes  only  one. 

The  area  of  room  entries  outside  the  panel  is 

16X44X100  =  70,400  square  feet 

In  the  tract  under  consideration,  illustrated  in  Fig.  1,  there  are 
no  fractional  widths  of  cross  entry  barriers  to  be  considered  and 
all  the  portions  of  room  entries  outside  the  panels  are  100  feet  long. 
In  some  other  cases  there  were  fractions  of  barrier  pillars  and  there- 
fore different  lengths  of  room  entries  outside  the  panels. 

The  total  area  occupied  by  entries  outside  the  panels  is  the 
sum  of  the  areas  of  main  entry,  cross  entries,  and  room  entries  with 
their  entry  pillars: 

Square  Feet 

Main  entry 129,360 

Cross  entries 253,918 

Room  entries 70,400 

453,678 
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The  area  of  the  room  entries  and  entry  pillars  inside  the  panels  is 
12X44X575  +4X44X392  =  372,592  squarelfeet 

20.  Percentage  of  Area  Occupied  by  Entries. — The  percentages 
of  total  area  occupied  by  entries  are  as  follows : 

,.  •       .  129,360X100     1  Q«  , 

^^^^^^try 6,969,600     =^-^^  r>er  oeut 

253,918X100     „_.  . 

Cross  entries 6,969,600     =3-64  per  cent 

70,400X100      ,  „,  , 

Room  entries — outside  panels      ....    —^-ggggQ^  =1.01  per  cent 

.        .     .,           ,  372,592X100      _  „_  , 

Room  entries — inside  panels —^-—TQ-ggQ—=  5.35  per  cent 

The  percentage  of  the  total  area  occupied  by  room  entries  both  out- 
side and  inside  the  panel  is 

1.01  +  5.35]=  6.36  per  cent 

21.  Percentage  of  Total  Area  Extracted  in  Entries. — To  get  the 
percentage  of  total  area  extracted  in  entries,  the  percentage  of  area 
occupied  by  the  entry  is  multiplied  by  the  calculated  percentage 

of  extraction,  as  follows: 

^  Percentage 

Percentage  of  total  area  extracted  in  room  entries 

inside  panels 5.35X0.6212  =  3.32 

Percentage  of  total  area  extracted  in  room  entries 

outside  panels 1.01X0.6212  =  0.63 

Percentage  of  total  area  extracted  in  cross  entries  .  3.64X0. 5748  =  2 .  09 

Percentage  of  total  area  extracted  in  main  entry  .  1 .  86  X  0 .  5748  =  1 .  07 

Total  percentage  extracted  in  entries     .      .  7.11 

22.  Summary  of  Percentages  of  Extraction. — The  extraction  in 
the  different  parts  of  the  mine  may  then  be  summarized  as  follows : 

Percentage 

Panels 42.54 

Room  entries — outside  panels 0.63 

Cross  entries 2.09 

Main  entry 1-07 

Total  .      .      : 46.33 
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23.  Area  Left  in  Pillars  Outside  the  Panels. — The  only  area 
remaining  to  be  considered  is  that  occupied  by  barrier  pillars  and 
pillars  at  sides  and  ends  of  panels.  As  it  is  assumed  that  this  pillar 
coal  is  entirely  lost  the  only  thing  to  be  considered  is  the  area  and 
the  percentage  of  total  area  occupied  by  the  pillars.  If  in  any  case 
it  is  to  be  assumed  that  some  of  this  coal  is  to  be  saved,  the  amount 
thus  extracted  may  be  found  by  multiplying  the  area  of  the  pillars 
by  the  percentage  of  extraction. 

It  is,  of  course,  not  always  true  that  all  the  coal  thus  left  is 
lost,  and  theoretically  this  is  seldom  the  case,  as  it  is  generally  in- 
tended that  a  large  part  of  the  coal  left,  especially  in  barrier  pillars, 
will  be  extracted  later.  In  some  coal  mining  districts  this  coal  is 
extracted,  but  in  the  Illinois  fields  very  little  of  the  barrier  coal  is 
mined;  consequently  it  seems  better  to  assume  complete  loss  of  this 
coal  rather  than  an  arbitrary  percentage  of  recovery. 

In  the  case  of  each  entry  barrier  the  area  is  the  length  of  the 
barrier  multiplied  by  its  width,  minus  the  area  of  the  entries  which 
extend  through  it  but  including  the  entry  pillar.  The  area  of  the  main 
entry  barrier  pillars,  as  thus  defined,  is 

2X100X2640  -  [(8X100X12)  +  (4X25X12)]  =  517,200  square  feet 

The  percentage  of  the  total  area  devoted  to  main  entry  barrier 
pillars  is 

517,200X100  _ 

6,969,600     -7-4^  per  cent 

This  percentage  is  unusually  high  because  of  the  small  area  con- 
sidered. In  the  case  of  a  square  area  of  5,000  acres  with  one  main 
entry  with  barrier  pillars  100  feet  wide,  the  percentage  of  area 
occupied  by  the  main  entry  barriers  is  about  1.3  per  cent. 

The  length  of  the  cross  entry  barrier  pillars  is  the  distance 
across  the  tract  minus  the  width  of  the  main  entry  with  its  two 
barrier  piUars.    The  area  is 

4X100(2640-249)  -  [(32X100X12);+;(16X20X12)]  =  914,160  square  feet 

The  percentage  of  total  area  is 

914,160X100 


6,969,600 


=  13 .  12  per  cent 
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The  area  left  in  pillars  at  the  ends  of  panels  is,  in  the  eases 
assumed 

25  X  (2640-249)  =  59,775  square  feet 

The  percentage  of  the  total  area  occupied  by  these  pillars  is 
59,775X100 


6,969,600 


=  0.86  per  cent 


The  area  of  the  pillars  left  at  the  sides  of  panels  is,  in  the  ease 
assumed  . 

(9X20X575)  +  (3X20X392)  =  127,020  square  feet 

The  percentage  of  total  area  occupied  is 

127,020X100 


6,969,600 


=  1 .  82  per  cent 


The  sum  of  the  various  items  of  loss  in  pillars  outside  the  panels 
and  entries  is 

Main  entry  barrier 7 .  42 

Cross  entry  barrier 13 .  12 

Total  in  entry  barriers 20 .  54 

In  pillars  at  ends  of  panels 0.86 

In  pillars  at  sides  of  panels 1-82 

Total  left  in  pillars  outside  the  panels 23 .  22 

24.  Percentages  of  Extraction  with  Different  Room  Widths. — 
In  computing  the  percentage  of  total  extraction  with  various  other 
room  widths  considered:  viz.,  20,  30,  35,  and  40  feet  the  dimensions 
of  room  centers  were  kept  unchanged  at  50  feet.  It  is  recognized 
that  this  would  not  be  the  practice,  but  a  change  of  room  centers 
would  have  so  complicated  the  problem  as  to  require  a  much  longer 
period  for  the  attainment  of  results.  The  method  of  calculation 
has  been  clearly  indicated  and  it  is  possible,  by  selecting  room  and 
pillar  widths  of  the  proper  ratio  in  Tables  4,  5,  and  6  to  obtain  close 
approximations  to  the  percentages  of  extraction  and  loss  with  any 
widths  of  room  and  pillar  desired. 

It  was  assumed  that  the  length  of  the  panels  and  the  percentage 
of  total  area  devoted  to  panels  for  each  number  of  rooms  per  entry 
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were  not  changed  by  these  alterations  in  room  and  pillar  dimensions. 
This  assumption  is  not  strictly  true,  since  the  length  of  the  panel 
varies  with  the  room  width;  for  example,  a  panel  of  eight  40-foot 
rooms  to  the  entry  is  390  feet  long  instead  of  the  375  feet  assumed. 
The  discrepancies  are  greatest  in  the  instances  of  widest  rooms,  because 
the  difference  between  real  panel  length  and  assumed  panel  length  is 
greatest.  There  are  two  errors  which  partially  neutralize  each  other, 
and  it  was  found  by  computation  for  the  extreme  cases  that  the  final 
errors  were  very  small.  In  the  first  place  if  the  panel  is  actually 
longer  than  is  assumed,  the  percentage  of  extraction  in  the  panel  is 
less  than  that  computed.  In  the  second  place  if  the  panel  is  longer 
than  assumed,  the  total  area  occupied  by  panels  is  greater  than 
that  computed.  The  errors  for  the  first  and  the  last  figures  in  the 
various  columns  of  Table  4  are  as  follows:  In  the  column  for 
20-foot  rooms  the  first  figure  is  0.05  too  high  and  the  last  figure  is 
0.29  too  low ;  in  the  column  for  25-foot  rooms  the  figures  are  correct ; 
in  the  column  for  30-foot  rooms  the  first  figure  is  0.05  too  low  and 
the  last  figure  0.04  too  high ;  in  the  column  for  35-foot  rooms  the 
first  figure  is  0.11  too  low  and  the  last  figure  0.25  too  high;  in  the 
column  for  40-foot  rooms  the  first  figure  is  0.15  too  low  and  the  last 
figure  0.67  too  high.  The  other  figures  in  each  column  have  errors 
intermediate  between  those  of  the  first  and  last  figures.  The  errors 
all  being  less  than  one  per  cent,  it  is  apparent  that  this  method  of 
calculation  is  sufficiently  accurate  for  all  purposes  for  which  it  is 
likely  to  be  used,  as  departures  from  the  projected  method  of  work- 
ing will  account  for  greater  differences  between  the  actual  and  the 
computed  output  than  the  small  errors  in  the  tables. 

25.  Tables  and  Diagrams. — For  convenience  in  reference  the 
values  obtained  by  the  methods  described  in  the  preceding  pages 
have  been  collected  in  Tables  1-7,  which  give  the  percentages  of  total 
area  occupied  by  different  classes  of  workings,  the  percentages  of 
extraction  in  these  different  classes,  the  percentages  of  total  area 
excavated  in  the  different  classes  of  workings,  the  percentage  of  total 
area  won,  the  lengths  of  entries  and  the  amounts  of  narrow  work. 

Most  of  the  facts  given  in  the  tables  are  shown  graphically  in 
Figs.  3  to  9.  These  figures  permit  comparison  between  the  results 
obtained  by  tht  use  of  different  dimensions  of  workings. 

For  25-foot  rooms.  Table  1  shows  in  column  8  the  percentage  of 
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Table  1 

Extraction  in  Panels 

25-Foot  Rooms 


Percentage  of 

Percentage  of 

Percentage  cf 

Percentage  of 

Length  of 

Number  of 

Extraction  in 

Extraction 

Total  Area 

Total  Area 

Rooms 

Rooms  per 

Room  and 

inside  the 

Occupied  by 

Extracted 

(Feet) 

Room  Entry 

Pillar  Areal 

Panel 

Panels 

in  Panels 

8 

58.51 

58.87 

62.17 

36.60 

12 

57.54 

57.99 

70.20 

40.71 

200 

16 

57.06 

57.56 

77.09 

44.37 

20 

56.78 

57.31 

78.45 

44.96 

24 

56.60 

67.15 

78.45 

44.83 

28 

56.47 

57.03 

79.28 

45.21 

8 

60.89 

60.92 

62.71 

i38.20 

12 

59.91 

60.09 

70.80 

;42.54 

250 

16 

69.45 

59.67 

77.76 

'46.40 

20 

59.19 

59.43 

79.14 

47  03 

24 

59.01 

59.27 

79.13 

46.90 

28 

58.89 

59.15 

79.97 

47.30 

8 

62.39 

62.37 

■63.25 

139.45 

12 

61.49 

61.53 

[71.41 

43.94 

300 

16 

61.05 

61.12 

,78.43 

47.94 

20 

60.80 

60.88 

79.81 

[48.59 

24 

60.63 

60.73 

79.81 

148.47 

28 

60.51 

60.62 

80.65 

48.89 

iRoom  and  pillar  area  shown  by  hatching  in  Fig.  1. 
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extraction  in  the  room  and  pillar  area  obtained  with  each  length 
of  room  and  each  number  of  room^  per  entry;  in  column  4  the  total 
percentage  of  extraction  inside  the  panel,  that  is,  the  sum  of  the 
extraction  in  rooms  and  room  cross-cuts,  and  in  room  entries ;  in  col- 
umn 5  the  percentage  of  the  total  area  included  in  panels;  and  in 
column  6  the  percentage  of  the  total  area  extracted  in  panels.  The 
percentage  extracted  in  the  panels  plus  the  percentage  extracted  in 
the  entries  outside  the  panels  gives  the  total  percentage  of  extraction. 

The  values  in  column  4  of  Table  1,  the  percentage  of  extraction 
inside  the  panel  for  rooms  25  feet  wide,  are  illustrated  by  Fig.  3. 
For  a  given  width  of  room  and  pillar  the  percentage  of  extraction 
inside  the  panel  decreases  somewhat  as  the  number  of  rooms  per  entry 
increases,  because  the  proportion  of  the  total  panel  area  remaining 
in  pillars  increases  as  the  number  of  rooms  increases  and  the  per- 
centage  of  extraction  correspondingly  decreases.  With  only  two  rooms 
and  one  pillar  approximately  1/3  of  the  coal  is  left  in  the  pillar, 
while  with  the  10  rooms  and  9  pillars  Kg  remain  and  with  20  rooms 
and  19  pillars   ^%9  remain. 

The  values  in  column  5  of  Table  1  are  illustrated  in  Fig.  4  which 
shows  the  percentage  of  total  area  included  in  panels  for  25-foot 
rooms,  200  feet,  250  feet,  and  300  feet  long  respectively,  and  for  8,  12, 
16,  20,  24,  and  28  rooms  per  entry.  These  diagrams  show  that  the  per- 
centage of  area  devoted  to  panels  increases  with  the  length  of  the  room 
and  the  number  of  rooms  per  entry.  The  increase  is  especially  rapid 
for  the  smaller  number  of  rooms  per  entry  and  comparatively  small 
for  the  larger  number  of  rooms  per  entry. 

It  will  be  noticed  that  there  is  a  reversal  in  the  direction  of  the 
lines  at  24  rooms  per  entry  shown  in  the  broken  lines  based  on  the 
figures  in  the  table,  and  that  there  is  no  corresponding  change  in 
direction  of  the  diagrams  for  percentage  of  extraction  inside  the  panel. 
These  facts  show  that  the  drop  in  the  diagrams  of  total  extraction 
(Fig.  6)  at  24  rooms  per  entry  is  due  to  the  irregularity  of  the  increase 
of  percentage  of  total  area  included  in  panels,  which  in  turn  is  due  to 
the  limited  area  considered.  The  solid  lines.  (Figs.  4  and  6)  show  the 
positions  when  a  large  area  is  considered,  and  the  same  results  are 
reached  by  calculation  for  25  rooms  per  entry. 

It  will  also  be  noticed  that  there  is  a  comparatively  rapid  change 
in  the  direction  of  the  lines  when  there  are  about  16  rooms  per  panel. 
This  fact  indicates  that  with  16  rooms  per  panel,  or  less,  the  percent- 


30 


ILLINOIS  ENGnSTEERING  EXPERIMENT  STATION 


80 

"^       ji 

►-c^r^'^mL]-^— < 

y=^ 

^^^ 

^ 

r^ 

^T^ 

r"^ 

-"" 

/} 

^^^ 

^ 

MJ 

75 

f/h 

\^ffoom  L  en^fh  of  300  ft. 

1 

^A^ 

/=?oom  L  engr/i  of 250  fr. 

/// 

'  ^ 

Roc       '           ' 

■)mLengmor  4^uut 

7. 

/// 

^ 

(// 

70 

ll 

( 

/// 

/// 

1// 

II 

1 

eslll 

III 

(// 

/ 

3 

1 
/Z 

1 

/6 

1 
ao 

24 

26 

Numtier  of  ffooms  per^ntry 


Fig.  4. 


Percentage  of  Totai,  Akea  Included  in  Panels  fob  Eooms 
25  Feet  Wide,  on  50-Foot  Centers 


age  of  area  occupied  by  panels  increases  rapidly  with  the  number  of 
rooms  per  entry.  For  16  rooms,  or  more,  the  increase  is  slow.  This 
change  also  shows  as  does  the  diagram  for  total  percentage  of  extrac- 
tion, that  this  percentage  increases  comparatively  rapidly  with  the 
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increase  of  number  of  rooms  per  entry  to  about  16  and  that  after  this 
number  is  reached  the  rate  of  increase  is  small. 

Table  2 
Extraction  in  Entries 


Number 
of 

Percentage  of  Total  Area  Occupied 

Percentage  of  Total  Area 

by  Entries 

Extracted 

in  Entries 

of 
Rooms 
(Feet) 

Rooms 

per 
Room 
Entry 

Main 
Entry 

Cross 
Entry 

Room  Entry 

Total 

Main 
Entry 

Cross 
Entry 

Room 
Entry 

Outside 

Inside 

Panel 

Panel 

8 

1.86 

5.46 

1.79 

5.92 

15.03 

1.07 

3.14 

4.79 

9.00 

12 

1.86 

3.64 

1.26 

6.68 

13.44 

1.07 

2.09 

4.93 

8.09 

200 

16 

1.86 

1.82 

0.76 

7.34 

11.78 

1.07 

1.05 

5.03 

7.15 

20 

1.86 

1.82 

0.63 

7.47 

11.78 

1.07 

11.05 

5.03 

7.15 

24 

1.86 

1.82 

0.63 

7.47 

11.78 

1.07 

frl.05 

5.03 

7.15 

28 

1.86 

1.82 

0.63 

7.55 

11.86 

1.07 

11.05 

5.08 

7.20 

8 

1.86 

5.46 

1.43 

4.74 

13.49 

1.07 

3.14 

3.83 

8.04 

12 

1.86 

3.64 

1.01 

5.35 

11.86 

1.07 

2.09 

3.95 

7.11 

250 

16 

1.86 

1.82 

0.61 

5.87 

10.16 

1.07 

1.05 

4.02 

6.14 

20 

1.86 

1.82 

0.51 

5.97 

10.16 

1.07 

1.05 

4.03 

6.15 

24 

1.86 

1.82 

0.51 

5.97 

10.16 

1.07 

1.05 

4.03 

6.15 

28 

1.86 

1.82 

0.51 

6.04 

10.23 

1.07 

1.05 

4.07 

6.19 

8 

1.86 

5.46 

1.43 

4.74 

13.49 

1.07 

3.14 

3.83 

8.04 

12 

1.86 

3.64 

1.01 

5.35 

11.86 

1.07 

2.09 

3.95 

7.U 

300 

16 

1.86 

1.82 

0.61 

5.87 

10.16 

1.07 

1.05 

4.02 

6.14 

20 

1.86 

1.82 

0.51 

5.97 

10.16 

1,07 

1.05 

4.03 

6.15 

24 

1.86 

1.82 

0.51 

5.97 

10.16 

1.07 

1.05 

4.03 

6.15 

28 

1.86 

1.82 

0.51 

6.04 

10.23 

1.07 

1.05 

4.07 

6.19 

Table  2  gives  the  percentage  of  total  area  occupied  by  entries 
and  the  percentage  of  total  area  extracted  in  entries,  all  for  rooms 
25  feet  wide.  Column  3  gives  the  percentage  of  total  area  in  the  main 
entry,  column  4  the  percentage  of  total  area  in  the  cross  entries, 
column  5  the  percentage  of  total  area  in  the  room  entries  outside 
the  panel,  column  6  the  percentage  of  total  area  in  the  room  entries 
inside  the  panel,  and  column  7  the  total  percentage  of  area  occupied 
by  entries.  Column  8  gives  the  percentage  of  total  area  extracted 
in  main  entry,  column  9  the  percentage  extracted  in  cross  entries, 
column  10  the  percentage  extracted  in  room  entries,  and  column  11 
the  total  percentage  of  area  extracted  in  entries. 

The  values  in  Table  2  are  illustrated  by  Fig.  5  which  shows  the 
percentage  of  total  area  occupied  by  entries,  including  the  entry  pil- 
lars, for  different  numbers  of  rooms  per  entry  and  different  lengths 
of  rooms.  The  diagrams  are  drawn  for  25-foot  rooms,  but,  as  shown 
in  the  discussion  of  the  methods  of  calculation,  they  would  be  only 
slightly  changed  if  different  room  widths  were  considered. 
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Column  3  of  Table  3  shows  the  amounts  of  narrow  work  in  en- 
tries.    Columns  4,  5,  6,  and  7  give  respectively  the  length  of  main 

Table  3 
Length  of  Entries  and  Yards  of  Narrow  Work 


Length  of  Double  Entries  in  Feeti 

Length  of 

Xumber  of 
Rooms  per 

Yards  of 
Narrow 

Rooms 

(Feet) 

Room  Entry 

Work 

Main 

Cross 

Room 

Total 

Entry 

Entry 

Entry 

8 

17192 

2640 

7773 

12215 

22628 

12 

15488 

2640 

5182 

12585 

20407 

200 

16 

13707 

2640 

2591 

12830 

18061 

20 

13707 

2640 

2591 

12830 

18061 

24 

13707 

2640 

2591 

12830 

18061 

28 

13804 

2640 

2591 

12955 

18186 

8 

15333 

2640 

7773 

9772 

20185 

12 

13591 

2640 

5182 

10068 

17889 

250 

16 

11752 

2640 

2591 

10264 

15495 

20 

11771 

2640 

2591 

10264 

15495 

24 

11771 

2640 

2591 

10264 

15495 

28 

11848 

2640 

2591 

•  10364 

15595 

8 

15333 

2640 

7773 

f9772 

20185 

12 

13591 

2640 

5182 

10068 

17889 

300 

16 

11752 

2640 

2591 

10264 

15495 

20 

11771 

2640 

2591 

10264- 

15495 

24 

11771 

2640 

2591 

10264 

15495 

28 

11848 

2640 

2591 

10364 

15595 

iThese  lengths  refer  to  pairs  of  entries,  not  to  single  entries:  i.  e.,  they  represent  haulage  distances 
along  the  entries.  The  total  length  of  narrow  work  for  which  yardage  is  paid  is  therefore  double  the 
length  given,  plus  the  sum  of  the  lengths  of  cross-cuts. 

entries,  cross  entries,  room  entries  and  total  entries,  in  all  eases  with- 
out entry  cross-cuts.  It  should  be  noted  that  these  are  the  lengths 
of  double  entries  and  not  of  single  entries;  for  example,  the  length 
of  the  main  entry,  2640  feet,  is  the  distance  across  the  tract. 

The  total  cross  entry  length  does  not  vary  with  the  length  of 
rooms,  but  decreases  with  the  increase  in  the  number  of  rooms  per 
entry.  This  decrease  is  actually  more  regular  than  is  indicated,  be- 
cause the  table  is  for  a  small  tract  in  which  a  cross  entry  is  occasion- 
ally forced  outside  the  boundary  by  increase  of  number  of  rooms 
per  entry. 

In  the  tract  considered  the  total  room  entry  length  is  the  same 
for  250-foot  and  300-foot  rooms,  but  is  greater  for  200-foot  rooms. 
If  a  large  area  were  considered,  the  lengths  for  the  250-foot  and  300- 
foot  rooms  would  not  coincide,  but  the  length  for  the  250-foot  rooms 
would  lie  between  those  of  the  200-foot  and  300-foot  rooms.  The  total 
length  of  room  entries  increases  slightly  as  the  number  of  rooms  per 
entry  increases. 
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Numder  offfooms  per^ntri/ 
Fig.  6.     Total  Percentage  of  Extraction 


The  decrease  in  length  of  cross  entries  with  increase  of  number 
of  rooms  per  entry  ceases  at  about  16  rooms  per  entry.  If  a  larger 
area  were  considered,  the  change  would  be  less  abrupt  than  it  is. 
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Table  4  gives  the  percentages  of  extraction  for  all  widths  of 
rooms  considered.  The  first  group  of  figures  in  columns  3,  4,  5,  6, 
and  7,  gives  the  percentage  of  extraction  inside  the  panel  for  each 
width  of  room,  for  each  length  of  room  and  for  each  number  of  rooms 
per  entry.  The  second  group  of  figures,  given  in  columns  8,  9,  10, 
11,  and  12,  gives  the  percentage  of  total  area  extracted  in  panels  for 
each  width  of  room,  each  length  of  room,  and  each  number  of  rooms 
per  entry.  In  each  case  this  percentage  is  obtained  by  multiplying 
the  percentage  of  extraction  inside  the  panel  by  the  percentage  of 
area  occupied  by  panels.  The  values  in  column  13  give  the  percentage 
of  area  extracted  in  entries  outside  the  panels. 

The  third  group  of  figures,  given  in  columns  14,  15,  16,  17,  and 
18,  gives  the  total  percentage  of  extraction.  This  percentage  is  ob- 
tained in  each  case  by  adding  to  the  percentage  of  area  extracted  in 
panels  the  percentage  of  area  extracted  in  entries  outside  the  panels. 

It  will  be  noted  that  the  total  percentage  of  extraction  is  increased 
by  increasing  the  length  of  rooms,  the  width  of  the  rooms  and  the 
number  of  rooms  per  entry. 

The  values  for  total  extraction  given  in  Table  4  are  shown  graphi- 
cally by  Fig.  6.  This  set  of  diagrams  shows  plainly,  in  the  broken 
lines  plotted  from  the  figures  in  the  table,  one  of  the  irregularities 
resulting  from  the  use  of  a  small  area  as  a  basis  for  calculation :  that 
is,  the  apparent  drop  in  total  percentage  of  extraction  at  24  rooms 
per  entry.  The  percentage  of  extraction  does  not  actually  drop  at 
this  point,  however,  the  apparent  drop  being  due  to  the  consideration 
of  a  limited  area.  Calculations  for  25  rooms  per  entry  place  the  curve 
at  its  approximately  proper  position,  and  the  solid  lines  show  this 
position. 

Table  5  shows  the  percentage  of  loss  inside  the  panel  and  the 
percentage  of  total  area  lost  inside  the  panels,  for  all  conditions  con- 
sidered. Columns  3  to  7  inclusive  give  the  percentages  of  loss  inside 
the  panel  for  the  different  conditions;  columns  8  to  12  inclusive  give 
the  percentage  of  total  area  lost  inside  the  panels.  These  latter  figures 
are  obtained  by  multiplying  the  percentage  of  area  devoted  to  panels 
by  the  percentage  of  loss  inside  the  panels,  which  is  obtained  by  sub- 
tracting the  percentage  of  extraction  inside  the  panel  from  one  hun- 
dred. 

Table  6  gives  the  percentages  of  total  area  left  in  pillars  outside 
panels;  that  is,  all  coal  left  in  the  mine  except  that  in  room  pillarp 
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Table  5 
Percentage  Lost  in  Panels 
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Percentage  of  Loss 

Percentage  of  Total  Area 

Inside  Panels. 

Lost  Inside  Panels 

Length  of 

Number  of 
Rooms  per 

Rooms 

(Feet) 

Room  Entry 

20-ft. 

25-ft. 

30-ft. 

35-ft. 

40-ft. 

20-ft. 

25-ft. 

30-ft. 

35-ft. 

40-ft. 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Room* 

8 

48.88 

41.13 

33.38 

25.62 

17.87 

30.39 

25.57 

20.75 

15.93 

11.11 

12 

49.54 

42.01 

34.48 

26.95 

19.41 

34.64 

29.49 

24.20 

18.92 

13.63 

200 

16 

49.86 

42.44 

35.01 

27.59 

20.16 

.38.44 

32.72 

26.99 

21.27 

15.54 

20 

50.05 

42.69 

35.33 

27.96 

20.60 

39.26 

33.49 

27.72 

21.93 

16.16 

24 

50.18 

42.85 

35.53 

28.21 

20.90 

39.37 

33.62 

27.87 

22.13 

16.40 

28 

50.26 

42.97 

36.17 

28.39 

21.67 

39.85 

33.99 

28.68 

22.51 

17.18 

t    8 

46.75 

39.08 

31.41 

23.74 

16.07 

29.32 

24.51 

19.70 

14.89 

10.08 

12 

47.35 

39.91 

32.48 

25.08 

17.61 

33.. 52 

■28.26 

23.00 

17.76 

12.47 

250  ? 

16 

47.65 

40.33 

'33.01 

25.99 

18.38 

37.05 

31.36 

25.67 

20.21 

14.29 

^ 

20 

47.82 

40.57 

33.33 

26.07 

18.73 

37.84 

32.11 

26.38 

20.63 

14.82 

24 

47.96 

40.73 

33.53 

26.33 

19.14 

37.94 

32.23 

26.53 

20.83 

15.15 

28 

48.02 

40.85 

33.64 

:26.50 

'19.33 

38.40 

32.67 

26.90 

21.19 

15.46 

8 

45.25 

37.63 

30.02 

22.40 

14.79 

28.62' 

23.80 

18.99 

14.17 

'  9.35  '. 

I—  — '  -J 

12 

45.83 

38.47 

31.11 

23.74 

16.38 

32.73" 

27.47 

22.22 

16.95 

11.70 

300 

16 

46.12 

38.88 

31.63 

24.39 

17.15 

36.17 

30.49 

24.81 

19.13 

13.45 

20 

46.29 

39.12 

31.94 

24.77 

17.60 

36.94 

31.22 

25.49 

19.77 

14.05  ■ 

24 

46.40 

39.27 

32.15 

25.02 

17.90 

37.03 

31.34 

25.66 

19.97 

14.29  ' 

28 

46.48 

39.38 

32.29 

25.20 

18.11 

37.49 

31.76 

26.04 

20.33 

14.61 1 

1 

Table  6 
Percentage  Lost  in  Pillars  Outside  the  Panels  Except  in  Entries 


Percentage  of  Total  Area  Left  in  Pillars  Outside  Panel 

Except  Entry  Pillars 

Length  of 

Number  of 

Rooms 

Rooms  per 

j 

(Feet) 

Room  Entry 

Main 

Cross 

Total  in 

Entry 

Entry 

Entry 

At  Ends 

At  Sides 

Total 

Barriers 

Barriers 

Barriers 

of  Panels 

of  Panels 

8 

7.34 

18.41 

25.75 

1.72 

2.15 

29.62 

12  1 

7.42 

12.96 

20.38 

0.86  i 

2.43 

23.67 

200 

16' 

7.50 

7.82 

15.32 

0.86  , 

2.67 

18.85 

20-r 

7.50 

6.48 

13.98 

0.86  1 

2.72 

17.56 

24 

7.50 

6.48 

13.98 

0.86 

2.72 

17.56 

28 

7.50J 

6.48 

13.98 

0.00  ; 

2.74 

16.72 

8 

•7.34 

18.63 

25.97 

1.72 

1.61 

29.30 

12^ 

'7.42 

13.12 

20.54 

0.86 

1.82 

23.22 

250 

16 

7.50 

J  7.92 

15.42 

0.86 

2.00 

18.28 

20 

[7.50 

6.56 

14.06 

0.86 

2.04 

16.96 

'24  j 

7.50 

f  6.56 

14.06 

0.86 

2.04 

16.96 

28^ 

[7.50 

t6.56 

14.06 

0.00 

2.06 

16.12 

8 

7.34 

18.63 

25.97 

1.72 

1.08 

28.77 

12 

7.42 

13.12 

20.54 

0.86 

1.22 

22.62 

300 

16 

7.50 

7.92 

15.42 

0.86 

1.34 

17.62 

20 

7.50J 

6.56 

14.06 

0.86 

1.36 

16.28 

24 

7.50 

6.56 

14.06 

0.86 

1.36 

16.28 

28 

7.50 

6.56 

14.06 

0.00 

1.37 

15.43 
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and  entry  pillars.  Column  3  gives  the  percentage  of  total  area  occu- 
pied by  the  main  entry  barriers;  column  4  the  percentage  of  total 
area  occupied  by  cross  entry  barriers;  and  column  5  the  percentage 
of  total  area  in  all  entry  barriers,  the  sum  of  the  two  preceding  col- 
umns. Column  6  gives  the  percentage  of  total  area  left  in  pillars  at 
ends  of  panels,  column  7  the  percentage  of  total  area  left  in  pillars  at 
sides  of  panels,  and  column  8  the  percentage  of  total  area  left  in  pillars 
outside  the  panels  except  in  entries.  Column  8  represents  the  sum 
obtained  by  adding  together  the  proper  figures  in  columns  3,  4,  6, 
and  7. 


Table  7 
Extraction  in  Wide  Work  and  in  Narrow  Work 


Percentage  of  Total  Extraction 

Percentage  of  Total  Extraction 

Length  of 

Number  of 

Obtained  from  Narrow  Work 

Obtained  from  Wide  Work 

Rooms 

Rooms  per 
Room  Entry 

(Feet) 

20-ft. 

25-ft. 

30-ft. 

35-ft. 

40-ft. 

20-ft. 

25-ft. 

30-ft. 

35-ft. 

40-ft. 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

Rooms 

8 

24.26 

21.47 

19.26 

17.46 

15.96 

75.74 

78.53 

80.74 

82.54 

84.04 

12 

20.55 

18.12 

16.20 

14.65 

13.37 

79.45 

81.88 

83.80 

85.35 

86.63 

200 

16 

17.34 

15.23 

13.57 

12.24 

11.15 

82.66 

84.77 

86.43 

87.76 

88.85 

20 

17.15 

15.06 

13.43 

12.11 

11.03 

82.85 

84.94 

86.57 

87.89 

88.97 

24 

17.19 

15.10 

13.47 

12.15 

11.07 

82.81 

84.90 

86.53 

87.85 

88.93 

28 

17.17 

15.09 

13.46 

12.15 

11.07 

82.83 

84.91 

86.54 

87.85 

88.93 

8 

20.78 

18.57 

16.71 

15.19 

13.93 

79.22 

81.43 

83.29 

84.81 

86.07 

12 

17.32 

15.35 

13.78 

12.51 

11.45 

82.68 

84.65 

86.22 

87.49 

88..55 

250 

16 

14.21 

12.56 

11.19 

10.21 

9.31 

85.79 

87.44 

88.81 

89.79 

90.69 

20 

14.06 

12.43 

11.14 

10.09 

9.22 

85.94 

87.57 

88.86 

89.91 

90.78 

24 

14.10 

12.47 

11.17 

10.13 

9.26 

85.90 

87.53 

88.83 

89.87 

90.74 

28 

14.07 

12.45 

11.15 

10.11 

9.25 

85.93 

87.55 

88.85 

89.89 

90.75 

8 

20.25 

18.06 

16.30 

14.85 

13.63 

79.75 

81.94 

83.70 

85.15 

86.37 

12 

16.74 

14.90 

13.42 

12.21 

11.20 

83.26 

85.10 

86.58 

87.79 

88.80 

300 

16 

13.72 

12.17 

10.94 

9.94 

9.10 

86.28 

87.83 

89.06 

90.06 

90.90 

20 

13.57 

12.05 

10.84 

9.84 

9.02 

86.43 

87.95 

89.16 

90.16 

90.98 

24 

13.60 

12.08 

10.87 

9.87 

9.05 

86.40 

87.92 

89.13 

90.13 

90.95 

28 

13.57 

12.06 

10.85 

9.86 

9.04 

86.43 

87.94 

89.15 

90.14 

90.96 

Table  7  gives  a  comparison  between  the  total  extraction  made 
in  narrow  work  and  that  made  in  wide  work.  Columns  3  to  7,  inclu- 
sive, give  the  percentage  of  total  extraction  obtained  from  narrow 
work;  that  is,  from  entries  and  entry  cross-cuts  for  all  conditions 
considered.  In  each  case  the  total  extraction,  whatever  the  actual 
figure,  is  considered  100  per  cent.  Columns  8  to  12,  inclusive,  give 
the  percentage  of  total  extraction  obtained  from  wide  work;  that  is, 
from  rooms,  room  necks,  and  room  cross-cuts.  When  these  values  are 
considered,  it  should  be  remembered  that  the  limit  between  wide 
work  and  narrow  work  has  been  set  arbitrarily.    It  is  considered  for 
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the  purpose  of  these  calculations  that  all  workings  less  than  18  feet 
in  width  are  narrow  work  and  all  workings  18  feet  or  more  in  width 
are  wide  work.  It  is  to  be  noted  that  the  percentage  of  the  total 
extraction  obtained  from  narrow  work  decreases  as  the  length  of 
rooms  increases,  as  the  number  of  rooms  per  entry  increases,  and  as 
the  width  of  rooms  in  relation  to  width  of  room  pillars  increases. 

As  narrow  work  is  more  expensive  than  wide  work,  efforts  will 
be  made  to  reduce  it  to  the  minimum  in  places  where  the  conditions 
of  roof  and  floor  permit.  This  reduction  can  sometimes  be  accom- 
plished by  increasing  the  width  of  entries  and  entry  cross-cuts.  Where 
this  increase  is  impossible,  the  only  means  of  reducing  the  amount  of 
narrow  work  is  by  decreasing  the  length  of  entries,  assuming  that 
room  cross-cuts  and  room  necks  are  wide  work.  This  assumption,  how- 
ever, is  not  always  true.  The  work  of  J.  C.  Quade  (see  Appendix  I ) 
illustrates  the  reduction  of  narrow  work  by  increase  of  the  width  of 
room  cross-cuts. 

Summaries  of  the  percentages  won  and  lost  in  different  portions 
of  the  workings  are  given  in  Figs.  7,  8,  and  9,  which  illustrate  the 
results  with  rooms  25  feet  wide,  and  200,  250,  and  300  feet  long 
respectively.  In  each  case  the  total  height  of  the  diagram  represents 
100  per  cent  of  area.  The  height  from  the  bottom  border  to  the  first 
line  represents  the  percentage  of  total  area  extracted  inside  the  panels ; 
the  height  from  the  first  line  to  the  second  represents  the  percentage 
extracted  in  entries  outside  the  panels;  the  height  from  the  second 
line  to  the  third  represents  the  percentage  lost  in  entries  outside  the 
panels ;  the  height  from  the  third  line  to  the  fourth  represents  the  per- 
centage lost  in  pillars  outside  the  panels;  and  the  height  from  the 
fourth  line  to  the  top  of  the  figure  represents  the  percentage  lost  inside 
the  panels.  As  these  diagrams  are  based  only  upon  results  with  25-foot 
rooms  on  50-foot  centers,  no  changes  of  percentage  of  extraction  are 
involved  that  are  dependent  upon  change  of  room  width. 

These  diagrams  illustrate  the  final  disposal  of  the  coal  in  the 
area  considered ;  they  show  the  amounts  won  and  lost,  and  the  general 
distribution  of  extraction  and  losses.  The  coal  extracted  comes  from 
panels  and  from  entries  outside  the  panels,  the  larger  part  coming 
from  the  panels.  As  the  number  of  rooms  per  entry  increases,  the 
amount  of  coal  taken  from  the  panels  increases,  but  in  the  example 
considered  it  remains  fairly  constant  after  the  number  of  rooms  per 
entry  reaches  about  twenty. 
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Number  of  ffoomsper  Difn/ 


Frn 


Distribution  of  Extraction  and  Loss  foe  Eooms  200  Fket  Long, 
25  Feet  Wide,  on  50-Foot  Cknters 
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Number  of/fooms  per  Entry 

Fig.  8.    Distribution  of  Exteaction  and  Loss  foe  Eooms  250  Feet  Long, 
25  Feet  Wide,  on  50 -Foot  Centers 
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Number  of/x'ooms  per  En  fry 

Fig.  9,    Disteibution  of  Extraction  and  Loss  for  Rooms  300  Feet  Long, 
25  Feet  Wide,  on  50-Foot  Centers 
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"With  the  increase  of  number  of  rooms  per  entry  there  is  a  slight 
decrease  in  the  percentage  extracted  from  entries  outside  the  panels 
and  also  a  slight  decrease  in  the  coal  lost  in  entries  outside  the 
panels,  both  decreases  being  due  to  reduction  of  area  occupied  by 
entries.  It  is  shown  plainly  that  the  amount  of  coal  lost  and  won 
in  entries  is  not  large  in  any  case. 

One  thing  clearly  indicated  is  that  the  increased  extraction  which 
accompanies  increase  of  number  of  rooms  per  entry  is  due  largely 
to  a  decrease  in  loss  in  pillars  outside  the  panels ;  that  is,  to  decrease 
of  space  occupied  by  barrier  pillars.  It  is  also  shown  that  this 
decrease  is  much  less  rapid  after  rather  than  before  approximately 
16  rooms  per  entry  have  been  reached  and  that  beyond  20  rooms  per 
entry  there  is  very  little  change. 

The  fact  that  the  lines  become  nearly  horizontal  after  16  to  20 
rooms  per  entry  have  been  reached  shows  that  no  material  increase  of 
percentage  of  extraction  can  be  made  by  further  increasing  the  number 
of  rooms  per  entry.  Comparison  of  the  three  diagrams  shows  also  that 
very  slight  additional  extraction  can  be  accomplished  by  lengthening 
rooms.  It  follows,  therefore,  that  the  only  two  ways  of  increasing 
extraction  are  by  increase  of  ratio  of  room  width  to  pillar  width  and 
by  extraction  of  pillar  coal.  These  two  methods  may  be  said  to  reduce 
the  loss  in  room  pillars,  but  by  entirely  different  means.  It  has  been 
proved  by  experience  that  attempts  to  increase  room  width  at  the 
expense  of  pillar  width  are  dangerous,  and  it  is  believed  that  the 
greatest  ratio  of  room  width  used  in  the  preceding  discussion, — 
namely,  four  to  one,  considerably  exceeds  any  limit  which  would  or- 
dinarily be  safe  for  operation.  It  therefore  follows  that  increase  of 
extraction  can  be  attained  only  by  adopting  some  method  for  removing 
pillar  coal  after  the  rooms  have  been  driven. 

26.  Other  Methods  of  Computation. — It  is  recognized  that  the 
inclusion  of  the  main  entry  and  its  barrier  pillars  in  the  tract  con- 
sidered gives  percentages  of  extraction  that  must  be  changed  some- 
what if  applied  to  larger  areas,  because  the  ratio  of  barrier  pillar  to 
total  area  is  greater  than  would  be  the  case  in  a  larger  area.  This 
error  could  be  avoided  to  some  extent  by  choosing  the  part  of  the 
mine  to  be  examined  so  that  the  main  entry  would  not  be  included; 
thus  the  computed  extraction  would  be  a  little  too  high. 

Irregularities  due  to  the  limiting  of  the  area  considered  could  be 
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avoided  by  a  method  of  computation  suggested  by  C,  W.  Hippard. 
Instead  of  a  unit  area  of  160  acres,  the  area  served  by  a  pair  of  room 
entries  with  half  of  the  adjoining  cross  entry  and  barriers  and  half 
of  the  surrounding  fire  pillars  is  considered.  Such  an  area,  which 
may  be  called  a  unit  panel,  is  shown  enclosed  by  dotted  lines  in  Fig.  10. 


Unit  Panel 


A  single  panel  with  its  proper  share  of  cross  entry,  barriers,  and  fire 
pillars  is  considered  a  true  sample  of  the  mine.  The  area  of  the 
tract  considered  is  not  constant,  but  changes  with  length  of  rooms, 
width  of  rooms,  and  number  of  rooms  per  panel.  As  the  proportion 
of  the  main  entry  and  barriers  properly  chargeable  to  this  unit  area 
changes  with  the  size  of  the  tract  considered,  it  is  best  not  to  include 
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main  entry  and  barriers  in  the  calculation.     Calculated  percentages 
of  extraction  are  then  a  little  too  high. 

The  following  computation  by  this  method  illustrates  the  pro- 
cedure.   The  dimensions  considered  are  those  given  on  page  18. 

Area  of  panel  except  room  entry,  (p.  21),  287,500  square  feet 
Percentage  of  extraction  in  room-and-pillar  area,  (p.  21),  59.91  per  cent 
Area  excavated  in  panel  except  room  entry, 

0.5991X287,500= 172,241  square  feet 

Area  occupied  by  room  entry, 

44X675=29,700  square  feet 
Percentage  of  extraction  in  room  entry, 

(p.  21),  62.12  per  cent 
Area  excavated  in  room  entry, 

0.6212X29,700= 18,450  square  feet 

Area  occupied  by  cross  entry, 

J^X49X564  =  13,818  square  feet 
Percentage  of  extraction  in  cross  entry, 

(p.  22),  57.48  per  cent 
Area  excavated  in  cross  entry, 

0.5748X13,818= 7,943  square  feet 

Total  area  excavated     ....    198,634  square  feet 
Area  of  tract  considered, 

564X712=401,568  square  feet 
Percentage  of  extraction 

198,634X100      ._    ._ 

401,568       -49.47  per  cent 

This  result  is  3.14  per  cent  greater  than  the  extraction  calculated 
by  the  method  described  on  pages  18  to  24,  the  difference  being  due  to 
the  exclusion  of  the  main  entry  and  its  barriers  in  the  unit  panel 
method.  Calculations  by  the  latter  method  with  other  numbers  of 
rooms  per  entry  give  the  following  results : 

Extraction 

16  rooms  per  entry 50 .  98  per  cent 

20  rooms  per  entry 51 .  96  per  cent 

24  rooms  per  entry 52 .  64  per  cent 

28  rooms  per  entry 53 .  14  per  cent 

The  percentages  thus  obtained  agree  closely  with  those  previously 
calculated. 
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APPENDIX  I 

Cost  of  Production  and  the  Percentage  of  Extraction 
IN  Fulton  County 

Work  of  J.  C.  Quade 

An  investigation  of  the  percentage  of  extraction  in  the  Fulton 
County  field  has  been  made  by  J.  C.  Quade,  Chief  Engineer  of  the 
Big  Creek  Coal  Company  and  of  the  Saline  County  Coal  Company. 
The  results  of  this  investigation  are  in  part  reproduced  in  the  follow- 
ing pages  through  the  courtesy  of  Mr.  Quade  who  has  reviewed  the 
summary. 

These  computations  were  made  chiefly  to  find  means  of  reducing 
the  cost  of  production,  the  computation  of  extraction  being  incidental 
but  necessary  to  the  computation  of  cost.  The  results  show  that  the 
highest  percentage  of  extraction  accompanied  the  lowest  cost  of  pro- 
duction per  thousand  tons. 

In  making  computations  of  cost  no  attention  was  paid  to  the 
total  cost  of  production,  but  only  to  the  items  which  would  be  directly 
modified  by  changes  of  dimensions  of  workings.  The  values  of  these 
were  determined  in  part  by  the  prices  fixed  in  the  agreement  with  the 
United  Mine  "Workers  and  in  part  by  practice  in  the  Fulton  County 
field. 

The  items  considered  in  the  computation  are : 

Yardage  paid  for  narrow  work. 

Room  turning. 

Switch  laying. 

"Wood  track. 

Props. 
These  items  are  intended  to  cover  labor  and  materials  not  directly 
employed  in  the  extraction  of  coal.  The  materials  considered  are 
those  from  which  little  if  any  salvage  is  expected.  Such  large  items 
of  expense  as  mining,  haulage,  ventilation,  drainage,  interest  on  capital 
and  amortization  are  omitted  because  they  are  little  affected  by  the 
changes  contemplated.  The  expense  of  maintaining  the  various  items 
considered  is  small  in  comparison  with  the  total  cost  of  production, 
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but  the  calculation  includes  those  items  which  are  most  immediately 
and  completely  affected  by  changes  in  the  dimensions  of  workings. 

The  method  of  computation  was  determined  by  the  fact  that  the 
company  had  an  area  of  160  acres  in  Fulton  County  which  was  soon 
to  be  developed.  The  tract  was  in  the  form  of  a  square  with  public 
roads  on  two  sides,  coal  owned  by  the  company  on  the  third  side, 
and  coal  not  owned  by  the  company  on  the  fourth  side.  It  was  there- 
fore necessary  to  leave  pillars  along  three  borders  but  not  along  the 
fourth.  This  tract  was  laid  out  with  two  main  entries,  and  with  six 
cross  entries  where  210-foot  rooms  are  considered  and  seven  cross  en- 
tries where  180-foot  rooms  are  considered  as  shown  in  Fig.  11.  The 
foriu  of  the  field  and  the  necessity  of  leaving  boundary  pillars  in- 


-Cro35  Entries  ■ 


Fig.  11.    Map  of  160  Acres  for  J.  C.  Quade's  Computation 
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fluenced  both  the  lengths  of  entries  and  the  number  of  rooms.  The 
coal  lying  east  and  west  of  this  tract  was  developed  later;  hence  two 
pairs  of  room  entries  were  extended  through  the  boundary  pillars  on 
each  side  to  become  the  cross  entries  of  the  newer  developments. 

Only  two  lengths  of  rooms  were  considered:  180  feet  because 
that  length  was  then  being  used  by  the  company,  and  210  feet  because 
experience  had  shown  this  to  be  the  maximum  length  for  a  room  which 
could  commonly  be  kept  open  for  the  time  required  to  complete  ex- 
traction without  considerable  expense  for  retimbering. 

An  analysis  of  the  fixed  costs  in  the  district  in  which  the  mine 
is  located  showed  that  the  yardage  paid  for  narrow  work  in  room 
cross-cuts  was  responsible  for  a  considerable  share  of  these  costs.  This 
yardage  could  be  eliminated  by  driving  room  cross-cuts  wider  than 
the  limit  for  which  yardage  is  paid,  or  could  be  reduced  by  decreasing 
the  length  of  the  room  cross-cuts  by  making  pillars  narrower.  The 
calculations  involve  both  methods. 

The  following  items  of  cost  are  based  upon  conditions  in  the 
Fulton  County  field  at  the  time  when  the  calculations  were  made. 

Mining  rates    fixed    by  agreement  between    the   United    Mine 

Workers  and  Operators. 

Per  Yard 

Tj  "Pick  rate,    8-foot  entries SI. 82 

12-foot  entries  1.24 

16-foot  entries 0.00 

Room  turning 4.55 

Machine  rate,    8-foot  entries 1 .  46 

12-foot  entries •.      .       1.00 

16-foot  entries 0.00 

""     Room  tm-ning 3 .  64 

Items  fixed  by  the  experience  of  the  company  in  the  Fulton 
County  Field. 

Switch  laying  and  ties $4.00  per  room 

Props 0.005  per  square  foot 

Each j  prop  costing  $0.06  and  supporting  an 
average  of  12  square  feet  of  roof. 
Wood  rails,  1.3  times  the  length  of  the  room  at  $22.00  per  1000  board 

feet 6.25  for  180-foot  room 

7.45  for  210-foot  room 

Track  laying'and  ties 0.10  per  foot 

Brushing  and  timbering  entries,  approximately  $3.00 

per  foot  for  25  per  cent  of  the  length  of  the  entry  .  0.75  per  foot 
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Some  of  the  figures  given  would  not  be  applicable  at  present, 
but  the  method  used  can  be  applied  by  changing  the  expense  of 
various  items  to  correspond  with  changes  in  conditions. 

In  computing  the  production  to  be  expected  from  different  dimen- 
sions of  workings,  it  is  assumed  that  25  cubic  feet  of  coal  in  place 
are  equivalent  to  one  ton,  and  that  5.70  square  feet  of  area  are 
equivalent  to  a  production  of  one  ton  if  proper  allowances  are  made 
for  the  thickness  of  the  coal,  which  averages  4  feet,  10  inches,  and 
for  the  waste  which  always  accompanies  mining.  It  is  assumed  that 
rooms  from  adjoining  cross  entries  are  driven  through  until  they 
meet  and  that  five  cross-cuts  are  driven  in  the  length  of  the  two 
180-foot  rooms  and  six  in  the  length  of  the  two  210-foot  rooms.  This 
arrangement  accounts  for  the  average  number  of  cross-cuts  being 
2j^  for  a  180-foot  room. 

The  following  tables  give  the  essential  data  on  which  the  cal- 
culations are  based.  Table  8  gives  the  number  of  rooms  in  160  acres, 
for  each  room  width  and  for  each  pillar  width,  for  rooms  180  feet 
long  and  210  feet  long.    The  total  number  of  rooms  varies  less  regu- 


Table  8 
Number  of  Rooms  in  160  Acres 


Room 
Width 

Room 
Length 

and 
Centers 

Pillar  Width 

(Feet) 

6 

7 

8 

9 

10 

11 

12 

16 

20 

20 

ISO 

Centers 

210 

1330 

26 
1140 

1298 

27 
1104 

1232 

28 
1056 

1204 

29 
1032 

1162 
30 
996 

1120 
31 
960 

1106 
32 
948 

980 
36 
840 

882 
40 
756 

21 

180 

Centers 

210 

1298 

'27 
1104 

1232 

'28' 
1056 

1204 

29 
1032 

1162 
30 
996 

1120 
31 
960 

1106 

32 
948 

1050 
33 
900 

952 
37 
816 

84" 
41 
720 

22 

180 

Centers 

210 

1232 

•28i 
1056 

1204; 

29 
1032 

1162  r 
30  [ 
996 

1120 
31 
960 

1106 
32 
948 

1050 
33 
900 

1036 
34 
888 

938 

38 
804 

840 
42 
720 

23 

180 

Centers 

210 

1204 

29 
1032 

1162 
30 
996 

1120 
31 
960 

1106 
32 
948 

1050 
33 
900 

1036 

34' 
888 

994 
35 
852 

896 
39 
768 

826 
43 
708 

24 

180 

Centers 

210 

1162 
30 
996 

1120 
31 
960 

1106 

32 
948 

1050 
33 
900 

1036 

34 
888 

994 
35 
852 

980 
36 
840 

882 
40 
756 

784 
44 
672 

25 

180 

Centers 

210 

1120 
31 
960 

1106 

32 
948 

1050 
33 
900 

1036 
34 
888 

994 
35 
852 

980 
36 
840 

952 
37 
816 

840 
41 
720 

784 
45 
672 

26 

180 

Centers 

210 

1106 
32 
948 

1050 
33 
900 

1036 
34 
888 

994 
35 
852 

980 
36 
840 

952 
37 
816 

938 
38 
804 

840 
42 
720 

770 
46 
660 
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larly  than  the  dimensions,  because  no  fractional  rooms  were  considered, 
but  only  such  arrangements  of  whole  rooms  as  would  most  nearly 
completely  cover  the  160-acre  tract. 

Table  9 
Area  of  RoomsI  and  Tons  of  Coal  per  Room2 


Width  of 

Length  180  Feet 

Length  210  Feet 

Rooms 
(Feet) 

Area 
(Square  Feet) 

Tons 

Area 
(Square  Feet) 

Tons 

20 

3382 

593.33 

3982 

698.60 

21 

3546.5                        622.16 

4176.5 

732.32 

22 

3711                i              651.05 

4371 

766.84 

23 

3875.5                       679.91 

4.565 . 5 

800.96 

24 

4040                           708.77 

4760 

835.08 

25 

4204.5           1              737.63 

4954 . 5 

869.20 

26 

4369 

766 . 50 

5149 

903.33 

1  Not  including  cross-cuts. 

25.70  square  feet  of  4-foot,  10-inch  coal  per  ton,  allowing  for  waste. 

Table  10 
Area  of  Room  Cross-Cuts  (per  Cross-Cut),  Tons  of  Coal   Produced   and 

Yardage  Cost^ 


8-ft.  Cross-Cut 

12-ft.  Cross-Cut 

16-ft.  Cross-Cut 

Width 
of 

Pillar 
(Feet) 

Area 

(Square 
Feet) 

Tons  of 
Coal 

at 
5.70 
Square 
Feet 

J'" 
Ton 

Yardage 

Cost  at 

60 1     cents 

per  Foot 

Area 
(Square 
Feet) 

Tons  of 
Coal 

at 
5.70 
Square 
Feet 
per 
Ton 

Yardage 

Cost  at 

41 J    cents 

per  Foot 

Area 

(Square 

Feet) 

Tons  of 
Coal 

at 
5.70 
Square 
Feet 
per 
Ton 

Yardage 
Cost 
0.00 

6 

48 

8.41 

S3. 64 

72 

12.62 

S2.48 

96 

16.84 

7 

56 

9.83 

4.25 

84 

14.74 

2.89 

112 

19.65 

s 

64 

11.23 

4.85 

96         16.84 

3.31 

128 

22.46 

9 

72 

12.63 

5.46 

108 

18  94 

3.72 

144 

25.26 

10 

80 

14.03 

6.07 

120 

21.05 

4.14 

160 

28.07 

88 

15.44 

6.67 

132 

23.16 

4.55 

176 

30.88 

12 

96 

16.84 

7.28 

144 

25.66 

4.96 

192 

33.68 

16 

128 

22.46 

9.71 

192 

33.69 

6.61 

256 

44.91 

20 

160 

28.07 

12.13 

240 

42.10 

8.27 

320 

56.14 

1  Yardage  for  narrow  work,  pick  rate; 

8  feet  wide  $1.82  =60?'3  cents  per  foot. 
12  feet  wide  1.24  =41J^  cents  per  foot. 
16  feet  wide    0.00  =00      cents  per  foot. 
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Table  9  gives  the  areas  of  rooms,  not  including  cross-cuts,  and 
the  tons  of  coal  per  room  calculated  on  the  basis  of  5.70  square  feet 
per  ton. 

Table  10  gives  for  each  cross-cut  the  area,  the  tons  of  coal  pro 
duced,  and  the  yardage  cost.  The  number  of  tons  produced  is 
calculated  from  the  area  on  the  basis  of  5.70  square  feet  per  ton. 
The  yardage  cost  is  calculated  from  the  prices  fixed  in  the  agree- 
ment with  the  United  Mine  "Workers.  Only  the  rate  for  pick  mining 
was  considered  as  machines  were  not  used  much  in  the  district  when 
the  data  were  compiled.  The  ratio  between  yardage  cost  for  8-foot  and 
12-foot  cross-cuts  is  the  same  for  pick  work  as  for  machine  work  j  there- 
fore if  the  rates  for  machine  work  were  substituted  in  place  of  those 
for  pick  work  in  the  calculations,  the  results  would  show  a  decrease  in 
the  total  expense,  but  the  percentage  of  the  total  expense  for  narrow 
work  saved  by  the  reduction  in  the  amount  of  this  work  would  remain 
the  same.  Three  widths  of  cross-cuts  were  considered:  8  feet,  which 
is  assumed  to  be  the  minimum  practical  width  (this  is  the  minimum 
width  for  which  a  yardage  price  is  fixed  in  the  agreement  with  the 
United  Mine  Workers) ;  12  feet,  which  is  considered  an  average;  and 
16  feet,  which,  according  to  the  agreement,  is  wide  work  and  does  not 
require  extra  compensation. 


Table  11 
Total  Cross-Cut  Yardage  Cost  Per  Room 


Width  of 

8-ft.  Cross-Cuts 

12-f  t.  Cross-Cuts 

PiUar 
(Feet) 

180-ft.  Room 
2J^  Cross-Cuts 

210-ft.  Room 
3  Cross-Cuts 

180-ft.  Room 
23^  Cross-Cuts 

210-ft.  Room 
3  Cross-Cuts 

6 

$  9.10 

10.92 

6.20 

7.44 

7 

10.63 

12.75 

7.23 

8.67 

8 

12.13 

14.55 

8.28 

9.93 

9 

13.65 

16.38 

9.30 

11.16 

10 

15.18 

18.21 

10.35 

12.42 

11 

16.68 

20.01 

11.38 

13.65 

12 

18.20 

21.84 

12.40 

14.88 

16 

24.28 

29.12 

16.53 

19.84 

20 

30.33 

36.39 

20.67 

24.80 

Table  11  gives  the  total  cross-cut  yardage  cost  per  room,  obtained 
by  multiplying  the  cost  per  cross-cut  as  given  in  Table  3  by  the  proper 
number  of  cross-cuts. 
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Table  12 
Tons  of  Coal  in  Cross-Cuts  per  Room 


Width  of 
PiUar 

180-ft.  Room 
2H  Cross-Cuts 

210-ft.  Room 
3  Cross-Cuts 

(Feet) 

8-ft.  Cross-Cut 

16-ft.  Cross-Cut 

8-ft.  Cross-Cut 

16-ft.  Cross-Cut 

6 

21.02 

42.04 

25.23 

50.46 

7 

24.58 

49.16 

29.49 

58.98 

8 

28.07 

56.14 

33.69 

67.38 

9 

31.57 

63.14 

37.89 

75.78 

10 

35.08 

70.16 

42.09 

84.18 

11 

38.60 

77.20 

46.32 

92.64 

12 

42.09 

84.18 

50.52 

101.04 

16 

56.15 

112.30 

67.38 

134.76 

20 

70.17 

140.34 

84.21 

168.42 

Table  13 
Cost  of  Props  for  Room  and  Cross-Cuts  at  One-Half  Cent  per  Square 

Foot,  180-Foot  Rooms 


Width 

of 
Room 
(Feet) 


Prop 

Cost 

for 

Room 


Width  of  PUlar 


6 

7 

8 

9 

10 

11 

12 

16 

20 

Prop  Cost  for  Cross-Cuts  per  Room 

SO.  90 

$1.05 

$1.20 

$1.35 

$1.50 

$1.65 

$1.80 

$2.40 

$3.00 

Prop  Cost  for  Room  and  Cross-Cuts 


20 


$16.91 


$17.81 


$17.96 


$18.11 


$18.26 


!.41 


$18.56 


$18.71 


$19.31 


819.91 


21 


17.73 


18.63 


18.78 


18.93 


19.08 


19.23 


19.38 


19.53 


20.13 


20.73 


18.56 


19.61 


19.76 


19.91 


20.06 


20.21 


20.36 


20.96 


21.56 


23 


19.38 


20.28 


20.43 


20.58 


20.73 


20.88 


21.03 


21.18 


21.78 


22.38 


24 


20.20 


21.10 


21.25 


21.40     21.55 


21.70 


21.85 


22.00 


22.60 


23.20 


25 


21.02         21.92 


22.07 


22.22      22.37 


22.67 


22.82 


23.42 


24.02 


26 


21.85 


22.75 


22.90 


23.05     23.20 


23.50 


23.65 


24.25 


25.85 


Table  12  gives  the  amount  of  cross-cut  coal  in  tons  per  room, 
obtained  by  dividing  the  areas  of  cross-cuts  by  5.70,  the  number  of 
square  feet  of  area  equivalent  to  a  production  of  one  ton,  and  multiply- 
ing by  the  proper  number  of  cross-cuts  per  room. 
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Table   14 

Cost  of  Props  for  Room  and  Cross-Cuts  at  One-Half  Cent  per  Square 

Foot,  210-Foot  Rooms 


Prop 

Cost 

for 

Room 

Width  of  Pillar 

Width 

of 
Room 
(Feet) 

6 

7 

8 

9 

10 

11 

12 

16 

2 

Prop  Cost  for  Cross-Cuts  per  Room 

$1.08 

$1.26 

SI. 44 

$1.62 

$1.80 

$1.98 

$2.16 

$2.88 

$3.60 

Prop  Cost  for  Room  and  Cross-Cuts 

20 

$19.91 

$20.99 

$21.17 

$21.35 

$21.53 

$21.71 

$21.89 

$22.07 

$22.79 

$23.51 

21 

20.88 

21.96 

22.14 

22.32 

22.50 

22.68 

22.86 

23.04 

23.76 

24.48 

22 

21.86 

22.94 

23.12 

23.30 

23.48 

23.66 

23.84 

24.02 

24.74 

25.46 

23 

22.83 

23.91 

24.09 

24.27 

24.45 

24.63 

24.81 

24.99 

25.71 

26.43 

24 

23.80 

24.88 

25.06 

25.24 

25.42 

25.60 

25.78 

25.96 

26.68 

27.40 

25 

24.77 

25.85 

26.03 

26.21 

26.39 

26.57 

26.75 

26.93 

27.65 

28.37 

26 

i^  25.75  .f 

26.83 

27.01 

27.19 

27.37 

27.55 

27.73 

27.91 

28.63 

29.35 

Tables  13  and  14  give  the  cost  of  props  for  a  room  and  its  cross- 
cuts for  each  width  of  room  from  20  to  26  feet  and  for  each  width  of 
pillar  from  6  feet  to  20  feet.  The  cost  in  cents  is  obtained  by  divid- 
ing the  cost  per  prop,  taken  as  six  cents,  by  the  area  supported  by 
one  prop,  12  square  feet,  these  being  figures  based  upon  the  experi- 
ence of  the  company. 

Cost  per  prop  6        1,  e    j.       r     -, 

5 7 — I — r —  — n~3   =  Ts  =  -s-  cent  per  square  foot,  or  for  1  room 

bquare  feet  of  area  supported       12       2  *-       -»  > 


Number  of  square  feet  in  room 


=  cost  in  cents 


In  each  table  the  cost  of  props  per  room  is  given  at  the  left,  the  cost 
of  props  for  cross-cuts  is  given  at  the  top,  and  the  cost  of  props  for 
the  rooms  and  cross-cuts  together  is  given  in  the  body  of  the  table. 

These  tables  of  prop  costs  are  computed  on  the  assumption  that 
all  cross-cuts  are  12  feet  wide.  In  the  comparison  of  total  costs,  this  as- 
sumption introduces  a  small  error  because  this  comparison  is  be- 
tween 8-foot  and  16-foot  cross-cuts.  To  obtain  correct  values  it  would 
be  necessary  to  make  allowance  for  the  error  thus  introduced  by 
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decreasing  the  prop  cost  with  8-foot  cross-cuts  and  increasing  it  with 
16-foot  cross-cuts.  The  difference  between  these  two  costs  would  ac- 
cordingl}'  be  decreased,  this  difference  being  the  saving  effected  by 
the  use  of  16-foot  cross-cuts.  In  rooms  of  180  feet  long  with  6-foot 
pillars,  the  error  introduced  by  the  use  of  this  average  figure  amounts 
to  94  cents  per  thousand  tons.  In  rooms  210  feet  long  with  20-foot 
pillars,  the  error  is  $2.09  per  thousand  tons.  These  errors  are  the 
extremes,  and  the  errors  when  other  dimensions  of  rooms  and  pillars 
are  used  lie  between  these  two.  Since  the  pillar  width  selected  as  the 
best  was  small, — ^viz.,  8  feet,  the  effect  of  the  assumption  of  12-foot 
cross-cuts  was  small. 

The  specimen  computations  given  show  the  methods  employed. 
All  essential  data  are  contained  in  the  preceding  tables  and  the  cal- 
culations involve  only  the  arrangement  of  these  data  in  such  form 
as  clearly  to  represent  the  facts  and  permit  comparisons  between  per- 
centages of  extraction  and  costs  of  production  for  different  dimen- 
sions of  rooms. 

SPECIMEN  COMPUTATIONS 

Coal  Produced 

Rooms  and  Cross-Cuts 

Room  width 20  feet 

Room  length 210  feet 

Pillar  width 6  feet 

Total  number  of  rooms  in  160  acres 1140 

Room  coal 698 .  60  tons 

Coal  from  8-foot  cross-cuts 25 .  23  tons 

Total  coal  from  room  and  8-foot  cross-cuts       .      .      .        723 .  83  tons 
Coal  from  additional  8-feet  of  cross-cuts 25 .  23  tons 

Total  coal  per  room  and  16-foot  cross-cuts       .      .      .         749.06  tons 

Coal  from  160  Acres 

Tons 

Total  room  coal  =  698.60  XI 140= 796,404 

Total  coal  from  8-foot  cross-cuts  =  25. 23  XI 140= 28,762 

Coal  from  main  entry  and  cross-cuts 16,716 

Coal  from  cross  entries  and  cross-cuts 47,836 

Total 889,718 

Additional  coal  from  16-foot  cross-cuts 28,762 

Grand  total 918,480 
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Cost  and  Saving 

Fixed  Room  Charges  per  Room 

Room  turning $4.55 

Switch-laying  and  ties 4.00 

Wood  rails 7.45 

$16.00 
Props  per  room  and  8-foot  cross-cut 21.00 

$37.00 
Room  cross-cut  yardage 10.92 

Total  for  room  and  cross-cuts $47.92 

Total  Fixed  Room  Charges  per  160  Acres 

Room  turning;  switch  laying  and  ties;  wood  rails,  props  =  $37.00  XI 140  =  $42,180.00 
Room  cross-cut  yardage  10.92X1140=   12,448.80 

Total  fixed  room  charges $54,628.80 

Saving  by  making  cross-cuts  16  feet  wide 

.    $12,448.80=22.79  per  cent  fixed  room  charges  with  8-foot  cross-cuts 

Total  Cost  for  Items  Considered 

Total  fixed  room  charges      .      .      .      '. $  54,628.80 

Main  entry  and  cross-cuts, 

11,910  feet  narrow  work  at  $0.61  per  foot 7,265.10 

Cross  entries  and  cross-cuts, 

34,080  feet  narrow  work  at  $0.61  per  foot 20,788.80 

Track  laying 4,176.00 

Brushing  and  timbering 31,320.00 

Total  cost  for  160  acres $118,178.70 

Total  cost  for  160  acres  with  16-foot  room  cross-cuts, 

118,178.70-12,448.80= $105,729.90 


118  178  70 
Cost  per  1,000  tons  with  8-foot  room  cross-cuts         '       '       =       .  132.83 

o59.71o 

105  729  90 
Cost  per  1000  tons  with  16-foot  room  cross-cuts     „-■'    ..-,"      =        .      .  115.11 

^  918.480 

Saving  per  1000  tons  with  16-foot  room  cross-cuts*  .'.....  17.72 

*The  cost  per  1000  tons  mined  is  less  by  one  method  than  by  the  other,  but  the 
quantity  of  coal  considered  is  greater  in  the  case  of  16-foot  room  cross-cuts  by  the  28,762 
tons  gained  in  the  additional  8  feet  of  cross-cut  width. 
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The  accompanying  sets  of  diagrams,  Figs.  12  and  13,  show  the 
most  important  points  in  connection  with  the  percentage  of  extrac- 
tion and  the  cost  of  production,  so  far  as  the  latter  is  determined 
by  the  limited  elements  considered,  for  all  room  widths  from  20  to 
26  feet  and  for  pillar  widths  of  6,  9,  12,  16,  and  20  feet  with  210-foot 
rooms  and  for  6-foot  pillar  widths  with  180-foot  rooms. 

Three  diagrams  in  each  set  are  concerned  with  quantity  of  pro- 
duction. Diagram  A  gives  the  number  of  rooms  in  160  acres ;  diagram 
B,  the  amount  of  coal  produced  per  room  and  cross-cut ;  and  diagram 
C  the  total  amount  of  coal  produced.  This  total  production  includes, 
not  only  coal  taken  from  rooms  and  their  cross-cuts,  but  also  coal  taken 
from  entries  and  entry  cross-cuts. 
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Diagram  B  shows  the  percentage  of  extraction,  based  on  the  area 
excavated  instead  of  on  the  number  of  tons  produced  as  calculated 
by  Mr.  Quade,  in  order  that  this  portion  of  the  discussion  may  be 
brought  into  direct  comparison  with  the  preceding  part  of  the  bul- 
letin. The  values  for  the  percentage  of  extraction  on  the  area  basis 
are  slightly  higher  than  they  would  be  if  computed  from  tonnage 
produced  because  of  the  waste  in  mining  and  the  presence  of  slips 
and  horse  backs.  If  these  losses  did  not  exist,  the  values  of  the  per- 
centage of  extraction  obtained  by  the  two  methods  would  be  the  same, 
because  the  entire  thickness  of  the  coal  bed  is  extracted.  A  compari- 
son of  these  two  methods  in  rooms  20  by  210  feet  with  12-foot  pillars 
and  16-foot  cross-cuts  gave  an  extraction  on  the  basis  of  tons  pro- 
duced of  61.05  per  cent  and  on  the  basis  of  area  excavated  of  67.28 
per  cent. 

.  The  diagram  for  total  output  is  irregular,  because  its  shape  is 
determined  by  that  for  the  number  of  rooms.  This  number  does  not 
change  uniformly  with  change  of  width  of  rooms,  but,  for  each  set 
of  dimensions,  the  number  of  rooms  was  selected  which  was  most 
suitable  for  working  out  the  160-acre  tract  to  be  developed.  The 
total  output  is  the  sum  of  the  tonnage  of  coal  produced  in  rooms  and 
cross-cuts,  and  in  entries.  Since  the  output  from  entries  varies  only 
with  the  number  of  cross  entries  which  in  turn  is  affected  by  a 
change  in  the  length  of  rooms,  the  total  output  varies  only  with  the 
number  of  rooms  or  with  the  output  from  a  room  and  its  cross-cuts. 
The  latter  quantity  varies  regularly  with  the  change  of  room  width, 
and  therefore  irregularities  in  the  total  output  are  entirely  due  to 
irregularities  in  the  number  of  rooms.  The  curve  for  total  output 
is  drawn  to  a  scale  which  makes  its  irregularities  more  prominent 
than  those  in  the  curve  for  the  number  of  room.s. 

Diagram  E  shows  the  cost  per  thousand  tons  for  the  limited 
number  of  items  considered.  The  line  drops  as  that  showing  total 
output  rises,  thus  showing  that  the  cost  of  production  decreases  as 
the  output  from  a  given  area  increases. 

Diagram  F  shows  the  saving  per  thousand  tons  accomplished  by 
increasing  the  width  of  room  cross-cuts  from  8  feet  to  16  feet,  and 
eliminating  room  cross-cut  yardage.  Mr.  Quade 's  computations  were 
made  with  the  object  of  determining  this  saving,  and  the  adoption  of 
the  dimensions  indicated  by  these  calculations  as  being  most  economi- 
cal has  resulted  in  very  large  reduction  in  the  cost  of  producing  coal. 
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The  dimensions  selected  were :  room  width  24  feet,  pillar  width  8  feet, 
cross-cut  width  16  feet.  The  diagrams  show  that  the  cost  would  be 
lower  and  the  extraction  higher  if  narrower  pillars  could  be  used,  but 
it  was  not  practical  to  make  them  less  than  about  8  feet  in  width. 
This  width  is,  however,  necessary  only  near  the  entries ;  the  pillars  are 
made  gradually  narrower  towards  the  ends  of  the  rooms,  the  percent- 
age of  extraction  being  thus  increased.  The  extraction  in  these  mines 
since  the  adoption  of  the  new  dimensions  is  between  70  and  75  per 
cent. 

For  purposes  of  comparison  one  set  of  diagrams  is  giveAi  which 
shows,  for  180-foot  rooms,  the  same  items  of  production  and  cost  as 
are  given  for  210-foot  rooms.  At  the  time  when  the  computations 
were  made  rooms  were  being  driven  180  feet  long.  The  total  output 
for  the  two  lengths  of  rooms  differs  only  slightly,  but  the  cost  of 
production  is  lower  with  the  210-foot  room;  hence  that  length  was 
adopted  as  a  standard. 

The  diagrams  in  Fig.  14  show  the  production  of  coal  from  dif- 
ferent parts  of  the  workings  and  emphasize  the  increase  of  produc- 
tion with  increase  of  room  width.  Diagram  A  shows  the  production 
from  rooms  and  8-foot  cross-cuts.  Diagram  B  shows  the  sum  of  the 
tonnage  of  room  and  cross-cut  coal  and  entry  coal,  the  space  between 
A  and  B  representing  the  entry  coal.  The  space  between  B  and  C 
shows  the  additional  coal  taken  from  16-foot  cross-cuts;  therefore  C 
shows  the  total  coal  produced  from  160  acres  with  the  longer  dimen- 
sion. 

Fig.  15  is  a  graphical  summary  of  costs  and  output  for  rooms  24 
feet  wide  and  210  feet  long.  Diagrams  A,  B,  C,  and  D  show  the  effect 
of  increase  of  pillar  width  on  the  tonnage  produced.  On  these  dia- 
grams, A  shows  the  number  of  rooms  in  160  acres ;  B  shows  the  output 
from  rooms  and  8-foot  cross-cuts;  C  shows  the  additional  output 
from  entries ;  and  D  shows  the  additional  output  from  the  extra  width 
of  room  cross-cuts.  The  diagram  shows  the  decrease  of  output  result- 
ing from  the  decrease  in  the  number  of  rooms,  which  accompanies  in- 
crease of  pillar  width. 

The  items  of  cost  considered  in  the  investigation  are  shown  in 
zones,  of  which  the  first  is  yardage  cost  for  the  main  entry,  the  second 
yardage  cost  for  the  cross  entries,  the  third  track-laying  cost  for 
entries,  the  fourth  brushing  and  timbering  costs  for  entries,  the  fifth 
fixed  room  charges,  and  the  sixth  yardage  cost  of  8-foot  room  cross-cuts. 
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/^//Jar  Widths  in  reef 

Fig.  15.     Summary  of  Costs  and  Output  for  Eooms  24  Feet  Wide  and 
-  "  ~"  210  Feet  Long 


The  first  four  items  change  only  when  change  in  the  length  of  rooms 
results  in  change  of  number  of  cross  entries  and  therefore  of  total 
length  of  entries.  The  fifth  item,  fixed  room  charges,  includes  room 
turning,  switch  laying  and  ties,  wood  rails,  and  room  props.  The 
first  three  subdivisions  change  only  with  the  number  of  rooms;  the 
last  increases  with  the  width  of  rooms  but  decreases  with  their  num- 
ber. The  sixth  item,  yardage  cost  of  8-foot  cross-cuts,  increases  with 
pillar  width  because  of  the  increased  length  of  the  cross-cuts.  It 
is  this  last  item  of  cost  which  is  eliminated  by  increase  of  cross-cut 
width  to  16  feet,  leaving  the  line  M  M'  as  the  indication  of  total  cost. 

Some  of  the  charts  prepared  by  Mr.  Quade  are  reproduced  with 
some  modification  in  Figs.  16,  17,  and  18  to  show  more  fully  his 
method  of  presenting  his  conclusions. 

Fig.  16  shows  the  effect  of  changes  in  cross-cut  width  on  yard- 
age cost  for  room  cross-cuts  and  the  amount  of  coal  produced  from 
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them.  The  diagrams  are  based  on  7-foot  pillars  with  three  cross- 
cuts per  pillar.  The  arrangements  of  cross-cut  widths  in  each 
pillar  are:  three  8  feet  wide;  one  8  feet  and  two  12  feet;  three  12 
feet;  one  8  feet,  one  12  feet,  and  one  16  feet;  two  12  feet  and  one  16 
feet;  one  12  feet  and  two  16  feet,  and  three  16  feet.  In  the  final 
computation  of  possible  reductions  of  cost  the  only  widths  considered 
were  8  feet  and  16  feet. 

Fig.  17  gives  in  detail  the  cost  per  thousand  tons  as  modified 
by  certain  changes  in  length  and  width  of  rooms,  room  pillars,  en- 
tries, and  room  and  entry  cross-cuts. 

The  width  of  roonLS  considered,  25.36  feet,  was  the  actual  average 
made  by  8  cuts  of  a  breast-type  chain  coal  cutting  machine.  This 
machine  is  commonly  called  a  3-foot  machine,  but  the  actual  cut 
slightly  exceeded  this  width.  The  costs  of  the  various  items  considered 
are  shown  by  the  widths  of  the  shaded  bands,  while  the  solid  line  A  B 
shows  the  saving  per  thousand  tons  accomplished  by  the  use  of  the 
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Fig.  16.    Effect  of  Changes  in  Cross-cut  Width  on  Cost  or  Ceoss-ctjts  and 

Coal  Produced 
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Fig.  17.     Certain  Fixed  Charges  per  1000  Tons,  Saving  per  1000  Tons,  Total 
Output  from  160  Acres 


different  changes  in  dimensions  specified.     The  solid  line  C  I>  shows 
the  total  coal  produced  from  160  acres  with  the  same  dimensions. 

Fig.  18  is  a  summation  of  the  items  of  room  and  room  cross-cut 
costs  considered  and  of  total  extraction  and  cost  for  160  acres.  This 
figure  permits  comparisons  between  results  obtained  by  using  different 
dimensions  and  shows  the  point  of  lowest  cost  and  highest  extraction. 
As  in  Fig.  14,  room  widths  of  22.2  feet  and  25.36  feet  are  due  to  the 
width  of  cut  of  the  breast4ype  of  coal  cutting  machines.  The  lower 
shaded  areas  show  the  cost  per  room  for  the  various  items  considered 
as  fixed  room  charges.  Eoom  turning  and  switch  costs  per  room  are 
not  affected  by  any  changes  of  dimensions.  "Wood  rail  cost  increases 
with  the  length  of  rooms.  Prop  cost  increases  with  both  length  and 
width  of  rooms.     Cross-cut  yardage  cost  is  affected  by  room  length, 
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Fig.  18.     Summation  of  Fixed  Charges  ant)  Output  for  160  Acres 
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which  determines  the  number  of  cross-cuts,  by  cross-cut  width  and 
pillar  width.  The  upper  shaded  areas  show  the  difference  in  total 
cost  per  thousand  tons,  including  entry  costs,  which  results  from  the 
use  of  8-foot  and  16-foot  room  cross-cuts.  The  solid  lines  A  B  and 
A'^'show  the  total  coal  produced  from  160  acres;  C  D  andC'D'show 
the  number  of  rooms  in  160  acres ;  EF  and  E'  F'  show  the  total  cost 
for  160  acres  when  8-foot  cross-cuts  are  used. 

The  lowest  total  cost  for  160  acres  is  shown  to  be  reached  with 
210-foot  rooms  25.36  feet  wide  on  34-foot  centers,  but  the  lowest  cost 
per  thousand  tons  and  the  highest  extraction  for  160  acres  are  shown 
to  be  reached  with  rooms  of  the  same  dimensions  on  32-foot  centers. 
Because  of  the  common  tendency  of  the  miner  to  make  his  room  some- 
what wider  than  is  planned,  the  latter  dimensions  might  be  approxi- 
mately reached  in  practice  if  rooms  were  planned  24  feet  wide  on  32- 
foot  centers.  These  dimensions,  shown  by  Mr.  Quade's  work  to  be  the 
best,  were  adopted  for  the  company's  mines  in  Fulton  County  with 
the  result  that  the  cost  of  producing  coal  was  materially  reduced.  The 
percentage  of  extraction  was  raised  from  about  58  per  cent  to  between 
70  and  75  per  cent  which  is  pnusually  high  for  Illinois. 
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APPENDIX  II 

Extraction  at  Dewmaine 
Work  of  G.  E.  Lyman 

The  results  obtained  with  different  dimensions  of  rooms  in  the 
Williamson  Comity  mines  of  the  Madison  Coal  Corporation  are  shown 
in  the  following  sketch  and  notes  prepared  by  G.  E.  Ljonan,  for- 
merly Chitji  Engineer  and  now  General  Superintendent  of  that  com- 
pany, and  are  published  here  with  his  courteous  permission.  The 
sketch,  Fig.  19,  shows  the  plan  of  operation  followed  at  Dewmaine, 
north  of  Carterville.  The  only  changes  from  the  dimensions  shown  are 
in  the  width  of  room  pillars,  the  two  widths  being  20  feet  and  11 
feet.  The  plans  considered  and  compared,  with  each  piUar  width, 
involve  the  extraction  of  different  quantities  of  pillar  coal  after  the 
rooms  have  been  finished. 

The  area  considered  is  a  restricted  one,  consisting  only  of  a  cross 
entry  and  a  portion  of  the  rooms  turned  from  it.     The  tract  con- 
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Fig.  19.    Dimensions  of  Eooms  and  Ceoss  Entries  at  Dewmaine 
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sidered  is  640  feet  wide  by  1360  feet  long  and  has  an  area  of  870,000 
square  feet. 

The  following  notes  give  the  results  of  experience  with  differ- 
ent dimensions  of  rooms  and  the  extraction  of  different  amounts  of 
pillar  coal.  With  each  of  the  two  pillar  widths  different  amounts  of 
coal  were  extracted.  "With  rooms  20  feet  wide  on  40-foot  centers, 
plan  No.  1,  shown  in  white,  gave  the  following  extractions : 

Square  feet 

Rooms 68X5725=389,300 

Cross-cuts 4X68X  400  =  108,800 

Entries 2X10X1360=  27,200 

Entry  cross-cuts 21 X  200  =     4,200 

Total  area  excavated (60.7j)er  cent)      529,500 

The  experience  of  the  company  thus  far  indicates  that  workings 
with  these  dimensions  will  stand  indefinitely  except  where  soft  mud 
or  quicksand  predominates  in  the  cover. 

Plan  No.  2  involves  the  driving  of  additional  cross-cuts  in  the 
room  pillars  after  the  room  has  been  completed.  These  additional 
cross-cuts  are  shown  by  the  dotted  areas  in  the  figure.  The  additional 
area  extracted  is : 

3X68X400  =  81,600  squarejeet 
Total  area  excavated (70.2  per  cent)     611,100 

Experience  indicates  that  squeezing  will  occur  in  rooms,  but 
that  the  entry  stumps  will  protect  the  entry  so  that  it  will  not  be 
closed.  More  or  less  water  will  follow  the  squeeze.  The  surface  will 
subside  gently  to  a  depth  of  2  feet  to  4  feet  in  the  center  of  the  area. 

Plan  No.  3  involves  the  driving  of  additional  cross-cuts  in  the 
room  stumps  and  chain  pillar,  while  retreating,  as  shown  by  the 
hatched  areas.     The  additional  area  excavated  is: 

Square  feet 

Room  cross-cuts 68  feet  X 400  feet  =  27,200 

Entry  cross-cuts 20  feet  X  400  feet  =     8,000 

Total  area  excavated (72.4~per"cent)     646,300 

The  results,  as  far  as  subsidences  are  concerned,  are  practically 
the  same  as  those  obtained  by  following  plan  No.  2,  except  that  the 
entry  is  closed  by  the  squeeze  and  more  water  enters  the  mine.  The 
surface  subsidence  is  practically  the  same  as  in  plan  No.  2. 
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Plans  Nos.  4,  5,  and  6  apply  to  the  same  method  of  working,  but 
with  room  pillars  only  14  feet  wide  which  make  80  rooms  in  a  block 
640  feet  by  1360  feet. 

Plan  No.  4  involves  excavation  of  the  following  areas: 

Square  feet 

Rooms 80X5725=458,000 

Room  cross-cuts 80X4X280=  89,600 

Entries 2X10X1360=  27,200 

Entry  cross-cuts 21X200=     4,200 

Total ^area  excavated (66.5jper  cent)  579,000 

"When  this  plan  is  followed,  squeezing  occurs  in  a  room  a  few 
months  after  the  first  working  and  more  or  less  water  enters  the 
mine.    The  surface  subsidence  is  about  the  same  as  in  plan  No.  2. 

Plan  No.  5  involves  the  driving  of  additional  cross-cuts,  as  in 
plan  No.  2,  and  the  additional  area  excavated  is : 

Square  feet 
Cross-cuts 3X80X280  =  67,200 

Total  area'excavated (74.2jper  cent)    646,200 

The  results  are  practically  the  same  as  those  obtained  by  following 
plan  No.  2,  except  that  more  water  enters  the  mine  and  the  sub- 
sidence of  the  surface  is  deeper. 

When  additional  cross-cuts  are  driven  in  room  and  entry  re- 
treating, as  shown  by  the  hatched  areas,  in  plan  No.  6,  the  additional 
areas  excavated  are : 

Square  feet 

Room  cross-cuts 80  feet  X  280  feet =22,400 

Entry  cross-cuts 20  feet  X 400  feet  =  8,000 

Totalarea'excavated (77.77per;^cent)    676,600 

In  this  case  the  entire  area  squeezes,  and  a  large  quantity  of  water 
enters  the  mine.  The  surface  subsidence  extends  over  the  whole  area 
and  is  greater  than  with  any  of  the  other  plans. 

In  the  Dejvrmaine  fields  it  has  not  been  found  practical  to 
apply  any  plan  except  No.  1  until  a  considerable  portion  of  the 
mine  is  ready  for  abandonment.  Slight  changes  in  the  projection, 
however,  are  made  when  changes  in  physical  conditions  make  them 
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advisable.  Rooms  are  driven  20  feet  wide,  but  pillars  are  sometimes 
reduced  to  18  feet  and  entries  are  made  either  10  or  12  feet  wide. 

In  this  field  a  great  deal  of  trouble  has  been  caused  by  the  entry 
of  water  whenever  the  extraction  of  too  much  coal  disturbed  the 
overlying  strata.  Since  plan  No.  1  alone  permits  the  indefinite  sus- 
taining of  the  overlying  material,  it  is  the  only  one  which  can  be 
followed  without  entailing  a  great  expense  for  handling  water.  Ex- 
traction is  therefore  limited  to  about  60  per  cent  of  the  panels  or 
blocks,  and  must  be  considerably  less  when  considering  the  whole 
mine.  The  calculated  percentages  of  extraction  given  on  page  34  for 
rooms  and  pillars  of  the  same  ratio  of  width, —  namely,  25-foot  rooms 
with  25-foot  pillars,  indicate  that  the  total  extraction  is  about  10 
per  cent  less  than  the  extraction  in  the  panel  area.  It  is  therefore 
probable  that  the  total  amount  of  coal  extracted  in  the  mine  as  a  whole 
is  about  50  per  cent.  At  various  times  plans  No.  2  and  No.  3  have 
been  tried  in  limited  areas,  but  trouble  has  always  been  caused  by 
squeezes  and  inflow  of  water. 

At  the  present  time  mining  at  No.  8  has  proceeded  far  enough  to 
permit  the  application  of  plan  No.  3  in  working  from  the  boundary 
toward  the  shaft.  The  additional  recovery  will  probably  make  the 
total  extraction  for  the  entire  mine  about  60  per  cent. 

Mr.  Lyman  points  out  that  both  the  depth  of  cover  and  the 
nature  of  the  ground  vary  considerably  within  short  distances  in  the 
district  referred  to  and  that  different  results  might  be  obtained 
within  a  short  distance  of  the  mine  mentioned. 
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APPENDIX  III 

WoBK  OF  J.  C.  Gibson 

J.  C.  Gibson  of  the  Standard  Engineering  Company  of  Diiquoin 
has  developed  a  method  for  calculating  the  percentage  of  extraction 
and  the  future  life  of  a  mine  by  which  it  is  possible  to  indicate  the 
parts  of  the  workings  in  which  the  losses  occur.  The  following 
description  of  procedure  is  published  through  the  courtesy  of  Mr. 
Gibson. 

When  this  method  is  applied,  a  tracing  of  the  workings  is  made 
showing  the  outlines  of  groups  of  rooms,  entries,  barrier  pillars,  and 
lost  areas.  In  the  tracing  these  separate  portions  are  given  distinc- 
tive colors  in  order  to  prevent  any  possible  confusion.  Each  area  is 
then  measured.  This  measurement  can  best  be  done  with  a  plani- 
meter,  but  very  close  approximation  to  the  correct  areas  can  be  at- 
tained by  measuring  with  a  scale,  especially  if  the  outlines  are  not 
very  irregular. 

The  application  of  this  method  to  a  part  of  a  mine  is  shown  in 
Fig.  20.  The  sums  of  the  areas  of  the  different  portions  in  the  entire 
mine  are  as  follows : 

Areas  worked  out  (Acres)  Percentage  of  Total  Area 

Rooms  and  pillars 157.16                                          59.76 

Entries 62.40                                           23.73 

Lost  coal 3.44                                            1.30 

Barriers 40.00                                          15.21 

Total  area  covered  by  workings, 
with  exception  of  the  shaft  pillar     263.00  100.00 

Tons 

Room'coal  produced 1,421,023 

Entry  coal  produced 378,744 

Total  coal  produced,  not  including  coal  taken  from  the  shaft 

pillar  in  driving  the  bottom 1,799,767 

The  tonnage  produced  from  entries  was  calculated  from  the 
length,  width  and  height  of  the  entries  and  the  weight  of  the  coal 
per  cubic  foot,  a  method  permissible  when  entries  are  driven  with 
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1  Lost  Coal    Yv///^,  Fiooms  &  Pillars   [_^  J  Entrie. 


Barrier  Fi  liars 
Fig.  20.     Portion  of  Mine  as  Mapped  by  J.  C.  Gibson 
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careful  adherence  to  the  projected  dimensions.  The  tonnage  pro- 
duced from  other  workings  is  the  difference  between  total  output  and 
entry  coal. 

The  average  thickness  of  coal  being  9.4  feet  and  the  weight  per 
cubic  foot  81.25  pounds,  the  amount  of  coal  originally  present  per 
acre  was 

43,560X9.4X81.25        .^aoA. 

— ^;ooo  =  ^^'^3^  *°"^ 

The  area  worked  over  by  rooms  and  pillars  is  157.16  acres.  The 
coal  originally  present  in  the  room  and  pillar  area  was  157.16  X 
16,634  =  2,614,199  tons ;  and  the  percentage  of  extraction  in  the 
territory  occupied  by  rooms  and  pillars  was 

1,421,023X100  _ 

2,614,199       ~  ^^"^^  P^'  ""^"^ 

The  entries  occupied  62.40  acres,  and  the  coal  originally  present 
was  62.40  X  16,634  =  1,037,961  tons.  The  percentage  of  extraction 
in  territory  occupied  by  entries  was 

378,744X100      _  ._ 
1,037,961      =  -^^-^^  P"''  ''''' 

The  coal  originally  present  in  the  whole  area  was  263  X  16,634 
=  4,374,742  tons  and  the  percentage  of  extraction  over  the  whole  rT'ea 
worked  out  was 

1,799,767X100       ,,  ,, 

4,374,742        ^  41.14  per  cent 

Since  the  thickness  of  the  bed  is  9.4  feet  and  the  height  of  en- 

94 

tries  only  7  feet,  the  percentage  of  area  excavated  in  entries  is   -^ 

of  the  percentage  of  coal  extracted. 
9.4 


I  4 

y-  X  36.49  per  cent  =  49.00  per  cent 


The  data  given  do  not  provide  a  basis  for  the  calculation  of 
percentage  of  area  worked  out  in  the  room-and-pillar  blocks,  because 
some  of  the  top  coal  was  taken.     If  no  top  coal  had  been  taken,  the 
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percentage  of  area  worked  out  in  the  seven  feet  of  coal  being  mined 
would  be  equal  to  the  percentage  of  coal  produced  from  that  seven 
feet.  The  amount  of  coal  originally  present  in  the  areas  occupied 
by  rooms  and  pillars  in  a  thickness  of  seven  feet  was 

43,560X7X81.25X157.16      .  .  .„  „„  , 
2000 ^  1,946,/ 99  tons 

As  the  coal  taken  out  from  these  areas  was  1,421,023  tons,  the 
percentage  of  area  excavated  would  have  been  73.0  per  cent  if  a  thick- 
ness of  only  seven  feet  had  been  worked. 

1,421,02.3X100      _„  _  . 

1,946,799       =73.0  per  cent 

If  all  the  top  coal  had  been  taken  down  to  a  height  of  9.4  feet, 
the  percentage  of  area  worked  out  would  be  the  same  as  the  per- 
centage of  coal  produced  when  the  thickness  of  9.4  feet  is  considered, 
— that  is,  54.36  per  cent.  Since  some  top  coal  was  left,  the  percentage 
of  area  worked  out  must  have  been  greater  than  54.36  per  cent  and 
less  than  72.2  per  cent  in  order  to  give  this  percentage  of  extraction ; 
however  there  are  no  data  from  which  accurately  to  calculate  the 
percentage. 

In  some  mines  where  the  only  "solid"  coal  produced  is  top  coal, 
all  the  remainder  being  known  as  "machine"  coal,  it  would  be  pos- 
sible to  get  from  the  books  of  the  coal  company  the  number  of  tons 
of  solid  coal  paid  for, — that  is,  the  top  coal.  Then  the  percentage 
of  area  worked  out  in  rooms  could  be  determined  from  the  tonnage 
produced. 

It  is  claimed  by  Mr.  Gibson  that  given  the  data  on  a  number  of 
mines  in  the  preceding  form,  comparisons  may  be  made  and  possibly 
much  valuable  information  obtained.  For  example,  mines  in  which  a 
high  percentage  of  extraction  had  been  obtained  in  the  room-and- 
pillar  areas  would  indicate  the  practice  to  be  followed  i:i  planning  a 
new  operation,  provided,  of  course,  that  the  history  of  those  mines 
showed  their  practice  to  be  satisf actorj^ ;  mines  in  which  the  smallest 
percentage  of  coal  had  been  lost  in  barrier  pillars,  provided  the 
barriers  had  proved  sufficient,  would  indicate  the  dimensions  of  barriers 
for  use  in  new  operations ;  and  mines  having  the  smallest  ratio  of  en- 
try area  to  room  area  would  suggest  efficient  methods  of  developing 
a  property. 
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Thus,  from  a  number  of  plans  of  actual  operations,  might  be  de- 
veloped a  composite  plan  more  efficient  than  any  of  those  studied.  It 
is  evident  that  the  two  sets  of  percentages,  those  of  the  "entire  coal  seam 
and  those  of  the  number  of  feet  of  the  seam  worked,  wall  enable  com- 
parisons to  be  made  with  most  of  the  properties  studied. 
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CHAPTER   I 


IXTRODUCTIOX 


1.  Statement  of  the  Phenomenon. — ^When  high  potential  differ- 
ences exist  between  conductors,  the  insulating  property  of  the  sur- 
rounding air  partially  breaks  down,  and  a  conduction  of  electricity 
through  the  air  takes  place,  usually  accompanied  by  a  glow  at  either 
one  of  the  conductors  or  in  the  intervening  space.  This  glow  is 
called  the  corona.  The  phenomenon  is  commonly  seen  when  static 
machines  or  Tesla  coils  are  operated  in  the  dark,  and  less  frequently 
from  the  tips  of  lightning  rods  during  an  electric  storm.  The  corona 
is  evident  at  night  as  it  surrounds  very  high  voltage  alternating 
current  transmission  lines.  The  conduction  represents  a  loss  of  power, 
which  on  long  lines  may  become  an  important  item.  Peek  (1),  "WTiite- 
head  (2),  and  others  (3)  have  carefully  studied  this  phenomenon 
for  alternating  differences  of  potential.  In  1912,  Peek  (4),  by  a  stro- 
boscopic  method,  showed  that  there  is  a  difference  between  the  corona 
discharge  from  positive  and  negative  conductors.  This  difference 
shows  that  corona  caused  by  alternating  potentials  is  a  combination 
of  two  effects ;  and  in  order  to  study  these  effects  separately  and  thus 
to  learn  the  true  facts  concerning  the  phenomenon,  continuous  poten- 
tials must  be  used.  A  study  of  the  corona  caused  by  continuous 
potentials  may  produce  engineering  data  of  value  owing  to  the  in- 
creasing development  of  high  tension  direct-current  generation  and 
transmission.  Previous  to  1914,  Wat.son  (5)  and  Schaffers  (6) 
were  the  only  men  who  had  experimented  on  the  direct  current  corona. 

Because  of  the  desirability  of  a  greater  knowledge  of  the  direct 
current  corona,  the  Physics  and  Electrical  Engineering  Departments 
of  the  University  of  Illinois  determined  to  carry  out  detailed  research 
to  develop  a  satisfactory  theory  for  the  corona  phenomena.  It  is  the 
purpose  of  this  bulletin  to  present  the  results  of  the  research  which 
has  been  completed  during  the  last  few  years. 

Notp. — The  nlml^>^•r^   u-ithin   parentheses  refer  to  the  bibliography,  page  131. 
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2.  Acknowledgments. — The  writers  desire  it  to  be  clearly  under- 
stood that  the  research  presented  in  this  bulletin  is  a  compilation  of 
the  work  done  by  the  following,  Farwell,  Crooker,  Davis,  Breese, 
Owens,  Anderegg,  Faulkner,  and  Warner,  under  the  direction  of 
Jakob  Kunz.  The  work  of  these  men,  as  recorded  in  theses  or  in 
published  articles,  forms  the  basis  of  this  bulletin.  In  many  instances 
in  order  that  statements  might  be  accurate  the  words  of  the  authors 
have  been  copied  directly. 

3.  Apparatus. — The  continuous  voltage  used  in  these  investiga- 
tions was  obtained  by  means  of  a  battery  of  forty,  500-volt,  250-watt, 
continuous-current,  shunt-wound  generators  connected  in  series. 

These  machines  are  divided  into  two  sets  of  ten  machines  each, 
and  one  set  of  twenty  machines,  each  set  being  driven  by  a  belt-con- 
nected, continuous-current  shunt  motor.  The  generators  are  mounted 
on  insulating  bases  and  the  shafts  of  the  separate  machines  are  con- 
nected by  insulating  couplings.  One  terminal  of  each  machine  is 
permanently  connected  to  its  o^^^l  frame  in  order  definitely  to  limit 
the  electrical  strain  on  the  machine  insulation  to  the  voltage  gen- 
erated by  one  armature. 

The  field  of  each  generator  is  connected  directly  across  the  arma- 
ture terminals,  a  single  pole  knife  switch  being  included  in  the  circuit 
in  order  that  the  machine  may  either  be  made  to  generate  or  to  run 
idle  at  will.  These  switches  were  operated  by  means  of  a  hard  rubber 
rod  approximately  eighteen  inches  in  length,  since  thej^  may  be  twenty 
thousand  volts  above  earth  potential.  The  generators  were  run  some- 
what below  rated  speed  in  order  to  limit,  to  a  safe  value,  the  voltage 
generated  without  external  resistance  in  the  field  circuit.  The  voltage 
of  the  machine  suppljang  current  to  the  driving  motors  was  main- 
tained at  a  constant  value  by  means  of  a  voltage  regulator.  The 
constant  speed  of  the  driving  motors  thus  produced  caused  the  re- 
sultant high  potential  of  the  battery  of  generators  to  be  practically 
constant.  A  fine  adjustment  of  voltage  was  obtained  by  means  of  a 
rheostat  in  the  field  circuit  of  one  of  the  generators.  Fig.  1  is  a 
general  view  of  the  generating  plant. 

Most  of  the  experimenters  working  in  this  field  have  dealt  with 
corona  in  air.  Air,  however,  changes  in  chemical  composition  im- 
mediately upon  the  formation  of  the  corona,  so  that  if  accurate 
data  are  desired  within  the  corona  discharge  region  some  arrangement 
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Fig.  1.       General  View  of  Gexeratixg  Plant 


Fig.  2.     A  Typical  Tube,   with  Slot 
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must  be  made  to  insure  uniformity  of  chemical  structure  in  the 
dielectric  at  all  times.  Such  uniformity  is  often  accomplished  by 
replacing  the  gas  immediately  surrounding  the  conductors  as  fast 
as  its  composition  changes.    This  renewal  is  often  impracticable. 

To  add  to  the  knowledge  of  the  corona  in  a  substance  which 
probably  does  not  change  chemically,  experiments  have  been  per- 
formed with  chemically  pare  hydrogen  as  the  dielectric.  The  hydro- 
gen used  in  this  part  of  the  work  was  produced  by  the  action  of 
hydrone,  a  commercial  alloy  of  lead  and  sodium,  upon  water.  The 
reaction  of  the  sodium  with  the  water  produces  hydrogen,  the  lead 
acting  as  a  retarding  agent  only.  The  hydrogen  was  collected  over 
water  and  purified  as  used. 

The  purifying  process  consisted  in  forcing  the  hydrogen  through 
concentrated  sulphuric  acid  drying  bottles  placed  in  series  with  a 
calcium  chloride  tube,  and  then  through  a  tube  in  a  combustion  fur- 
nace which  contained  red  hot  metallic  calcium.  The  drying  agents 
removed  all  water  vapor  and  the  heated  calcium  removed  all  traces 
of  oxygen  and  nitrogen.  Immediately  after  purification  the  hydrogen 
was  conducted  into  the  corona  apparatus.  In  the  purification  of  the 
hydrogen  a  discharge  tube  was  connected  directly  to  the  corona  ap- 
paratus, and  the  purity  of  the  hydrogen  was  tested  with  a  Hilger 
spectroscope.  After  careful  purification  no  traces  of  any  other  gas 
than  hydrogen  were  visible  in  the  bright  line  spectrum. 

The  type  of  the  corona  discharge  tube,  used  in  most  of  the  experi- 
ments to  be  described,  was  a  cylinder  with  a  wire  strung  along  its 
axis.     This  type  of  tube  was  chosen  for  several  reasons: 

(1)  The  corona  phenomena,  occurring  when  this  type  of 
apparatus  is  used,  lend  themselves  peculiarly  well  to  mathe- 
matical analysis. 

(2)  The  construction,  manipulation,  operation,  and  repair 
of  the  apparatus  are  extremely  simple. 

(3)  The  field  distribution  is  symmetrical  with  respect  to 
the  wire,  and  any  irregularities  in  the  wire  are  immediately 
recognizable  in  the  discharge. 

(4)  This  type  of  apparatus  has  been  used  by  other  investi- 
gators;  thus  results  could  be  compared  with  greater  assurance 
of  reliability. 
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The  apparatus  was  so  arranged  that  wires  of  different  sizes  could 
be  easily  strung  and  held  taut  exactly  along  the  axis  of  the  cylinder. 
In  order  to  limit  the  length  of  the  wdre  from  which  the  discharge 
took  place,  glass  plates  with  holes  for  the  wire  to  pass  through  were 
sealed  to  the  ends  of  the  cylinder  so  that  the  holes  were  on  the  axis 
of  the  cylinder  and  metal  bushings  were  inserted  in  these  holes.  The 
wire  which  was  run  through  the  bushings  was  held  taut  by  sealing  wax. 
The  cylinder  was  provided  with  a  side  tube  through  which  the  air 
could  be  pumped  out  and  dry  air  or  pure  gases  allowed  to  enter. 
When  the  visible  character  of  the  corona  was  to  be  studied  and 
photographed,  the  metal  cylinder  was  provided  with  a  longitudinal 
slot  and  the  whole  tube  placed  in  a  glass  cylinder.  Fig.  2  shows  a 
typical  tube  with  slot. 

The  voltages,  if  low,  were  measured  with  a  Braun  type  Kohl 
electrostatic  voltmeter,  and,  if  higher,  a  vertical  tj-pe  Kelvin  electro- 
static voltmeter,  having  ranges  of  5,000,  10,000,  and  20,000  volts,  was 
used.  Frequently  these  instruments  were  calibrated  by  means  of  an 
attracted  disk  electrometer.  In  computing  the  voltages  from  the  disk 
electrometer  the  end  correction  as  treated  by  Maxwell  (7)  was  applied. 

Currents  were  measured  by  means  of  a  d'Arsonval'galvanometer 
and  an  Ayrton  universal  shunt.  These  were  calibrated  as  a  unit 
by  connecting  them  in  series  with  a  high  resistance  and  a  dry  cell,  the 
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voltage  of  which  had  previously  been  determined  by  means  of  a 
potentiometer.  The  voltage  of  the  dry  cell  was  determined  both  in 
open  circuit  and  on  closed  circuit  with  the  smallest  series  resistance 
used  in  the  calibration  placed  in  series  with  the  cell.  The  change  in 
terminal  voltage  due  to  the  current  flowing  was,  in  every  case,  found 
to  be  entireh'  negligible. 

The  machines,  measuring  instruments,  and  corona  apparatus 
were  connected  as  is  shown  in  Fig.  3.  The  arrangement  of  the  connec' 
tions  made  so  that  the  corona  occurs  between  a  positive  wire  and  a 
grounded  coaxial  cylinder  will  be  referred  to  throughout  this  bulletin 
as  corona  with  "the  wire  positive"  or  as  "positive  corona."  Like- 
wise, when  the  connections  are  such  that  the  corona  occurs  between 
a  positive  tube  and  a  grounded  wire  (as  in  Fig.  3),  the  corona  will 
be  referred  to  as  corona  with  "the  wire  negative"  or  as  "negative 
corona. ' ' 
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CHAPTER  II 

General  Appearance  of  the  Corona  about  a  Wire  in  a  Cylinder 

As  the  voltage  across  the  corona  apparatus  is  gradually  raised, 
a  point  is  reached  when  a  marked  increase  in  the  current  occurs,  and 
a  further  increase  in  voltage  causes  the  current  to  increase  very 
rapidly.  The  voltage  at  which  this  sudden  increase,  indicated  by 
the  deflection  of  the  galvanometer,  occurs  is  called  the  "critical  volt- 
age." "Visible  glow  voltage"  means  the  voltage  at  which  the  light 
about  the  wire  first  appears.  The  visible  glow  voltage  may  be  identi- 
cal with,  or  higher  than,  the  critical  voltage. 

The  positive  and  negative  corona  have  entirely  different  appear- 
ances and  will  be  considered  separately. 

4.  Wire  Positive  in  Air. — For  all  pressures  and  sizes  of  wire  used 
a  uniform  purple  glow  surrounds  the  positive  wire.  The  wire  has  a 
tendency  to  vibrate  at  high  pressures  and  high  current  densities  as  is 
shown  by  a,  Fig.  4.  The  thickness  of  the  luminous  film  seems  to  be 
a  constant  for  all  current  densities  and  pressures,  the  intensity  or 
brilliance  of  the  discharge  only  varying  with  the  current  and  pres- 
sure.   Positive  corona  in  air  at  various  pressures  is  shown  in  Fig.  4. 

5.  Wire  Negative  in  Air. — With  the  wire  negative  the  appear- 
ance of  the  corona  is  changed  in  a  very  marked  degree  as  is  shown 
in  Figs.  4  and  5.  From  these  photographs  the  following  properties  can 
be  observed : 

(1)  With  a  constant  wire  diameter  and  decreasing  pres- 
sures the  discharge  gradually  changes  from  a  fairly  uniform 
luminous  mass  with  ragged  boundaries  to  a  beadj'  discharge  as 
is  shoAvn  in  Fig.  5.  The  luminous  mass  is  shown  breaking  up 
into  beads  at  /  and  g,  Fig.  4. 

(2)  For  a  constant  pressure  and  decreasing  wire  radii  the 
fairly  uniform  luminous  discharge  gradually  changes  to  the 
beady  discharge,  so  that  for  small  wires  (less  than  0.17  mm.  in 
diameter)  the  beady  discharge  occurs  at  all  pressures  between 
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(a)    WiHB+,  Pressube  747  mm.,  Volts  9110,  Amperes  11.8X10—6 


(b)  Wire—,  Pressjre  747  mm.,  Volts  8850,  Amperes  12.0X10—5 


(c)   WiRE+,  Pressure  427.0  mm..  Volts  6795,  Amperes  6.60X10—3 


(i)  Wire—,  Pressure  427.0  mm..  Volts  6350,  Amperes  7.11X10—3 


(e)  Wire+,  Pressure  229  0  mm.,  Volts  4680,  Amperes  6.72X10—3 


(/)  Wire—,  Pressure  229.0  mm.,  Volts  426.5,  Amperes  6.60X10—3 


Wire—,  Pressure  87.0  mm..  Volts  2200,  Amperes  6.70X10—3 


(;;)  Wire—,  Pressure  46.9  mm..  Volts  14.50,  Amperes  4.33X10—4 


(i)  A.  C,  Pressure  747  mm..  Volts  8180,  Amperes  6.65X10—5 

Fig.  4.     Visual  Characteristics  of  the  Corona  in  Am 


(a)  Wire—,  Pressure  119.3  mm.,  Volts  2500,  Amperes  0.327  X IO- 


CS) Wire—,  Pressure  119.3  mm..  Volts  2800,  Amperes  1.03X10—4 


(c)   Wire—,  Pressure   119.3   mm.,  Volts  3160,  Amperes  2.23X10^ 


(d)  Wire—    Pressure  119.6  mm..  Volts  3550,  Amperes  4.65X10 — * 


(e)  Wire—,  Pressure  119.6  mm.,  Volts  3870,  Amperes  10.0X10—4 


(/)  Wire—,  Pressure   119.6  mm.,  Volts  4020,  Amperes  16.2X10—* 


Fig.  5.    Variation  of  the  Number  of  Beads  with  the  Potential  Difference 
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(a)  Wire—    Pressure  778.0  mm.,  Volts  3721,  Amperes  9.15X10-3 


(b)  ■WIKE+,  Pressure  436.0  mm..  Volts  3840,  Amperes  15.0X10—5 


(c)  Wire—,  Pressure  436.0  mm..  Volts  2390,  Amperes  18.0X10—3 


(d)  A.  C.  Pressure  436.0  mm.,  Volts  2710,  Amperes  18.3X10—3 


(e)  Wire—,  Pressure  391.0  mm..  Volts  4585,  Amperes  3.57X10—3 


(/)  WiRE+,  Pressure  234.5  mm..  Volts  4500,  Amperes  21.3X10—5 


(ff)  Wire—,  Pressure  234.5  mm..  Volts  2025,  Amperes  1.76X10—3 

Fig.  6.     Corona  in  Hydrogen 
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atmospheric  and  50  mm.  of  mercury.  Under  certain  conditions 
of  pressure  and  voltage  these  negative  beads  or  brushes  distribute 
themselves  uniformly  along  the  wire  as  is  shown  in  Fig.  5.  For 
the  lowest  pressures  the  beads  consist  of  a  bright  cylindrical  core 
along  the  wire,  this  core  being  surrounded  by  a  narrow  dark 
space  and  enveloped  in  turn  by  a  purple  glow  of  relatively  large 
diameter.  For  increasing  pressures  the  central  core  contracts 
to  a  point  on  the  wire,  from  which  the  discharge  spreads  out 
fanlike  in  a  plane  at  right  angles  to  the  wire.  For  still  higher 
pressures  the  fan  seems  to  close  and  finally  to  degenerate  to  a 
small  brush. 

(3)  The  number  of  brushes  varies  with  the  potential  dif- 
ference. That  the  number  of  brushes  is  a  function  of  the  poten- 
tial difference  is  shown  in  Fig  5.  Between  the  voltages  at  which 
the  arrangement  of  the  brushes  was  most  regular,  there  seemed 
to  be  a  transition  period  in  which  there  were  many  little  brushes 
in  addition  to  those  that  were  larger.  An  increase  of  voltage 
would  then  produce  a  set  of  full-sized  brushes. 

6.  Wire  Positive  in  Hydrogen. — With  the  wire  positive  and 
sizes  of  wire  less  than  0.405  mm.  in  diameter,  the  wire  is  surrounded 
by  a  thin  luminous  layer  which  is  essentially  uniform,  as  shown  at 
h,  Fig.  6.  As  the  size  of  the  wire  is  increased,  this  glow  becomes  more 
and  more  irregular.  At  first  there  are  spots  somewhat  brighter 
than  others.  For  a  wire  as  large  as  2.59  mm.  the  discharge  takes  the 
form  of  a  large  number  of  brushes  similar  to  the  point-discharge  in 
air.  It  has  been  impossible  to  obtain  satisfactory  photographs  of 
these  brushes.  They  are  closely  spaced  along  the  length  of  the  wire 
\vith  a  fairly  uniform  glow  between  them.  The  positive  discharge 
is  blue  in  color.  If  the  potential  is  increased  to  a  high  value,  a  bril- 
liant red  spark  will  pass  between  the  wire  and  the  tube.  This  spark 
is  followed  by  a  pale  blue  arc  having  incandescent  blue  spots  at  both 
ends.     These  arcs  are  illustrated  in  /,  Fig.  6. 

7,  Wire  Negative  in  Hydrogen. — ^The  typical  form  of  discharge 
with  the  wire  negative  is  shown  in  Fig.  6.  For  small  wires  and  large 
pressures  the  discharge  on  the  wire  consists  of  distinct  bright  beads 
with  well  defined  edges,  while  for  large  wires  and  small  pressures  it 
changes  to  a  more  fuzzy  discontinuous  discharge.     As  the  potential 
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is  continually  increased  from  values  below  to  values  above  the  critical 
point,  the  first  evidence  of  a  breakdown  of  the  gas  around  the  wires 
of  small  radii  is  the  appearance  of  an  intermittent  flickering  glow 
which  changes  almost  immediately  with  the  change  of  potential  to 
a  number  of  flickering  unstable  bright  spots  on  the  wire.  For  wires 
larger  than  0.200  mm.  in  diameter  the  flickering  glow  does  not  form, 
but  the  beady  discharge  is  the  first  to  form  for  these  wires.  In  all 
cases,  however,  a  voltage  increase  causes  an  increase  in  the  number  of 
spots;  the  corona  current  gradually  increases  (a  time  element  enters 
in  the  building  up  of  the  current)  and  finally  a  stage  is  reached 
where  the  spots  condense  into  one  brilliant  bead.  The  formation  of 
this  bead  is  accompanied  by  an  extremely  rapid  increase  of  current 
and  a  correspondingly  large  and  rapid  drop  in  the  potential  across 
the  tube.  A  further  increase  in  voltage  causes  more  small  bright 
spots  to  form,  and  also  causes  an  increase  in  the  brilliancy  of  the 
bead.  The  newly  formed  spots  condense  into  a  second  bead  upon  a 
further  increase  in  voltage,  and  in  this  manner  the  number  of  beads 
and  the  current  increase  as  the  tube  voltage  is  increased. 

If  the  generator  voltage  is  now  decreased,  the  behavior  of  the 
corona  is  somewhat  different.  If  there  are  nine  beads  upon  the  wire, 
for  example,  the}-  will  persist  but  become  less  and  less  brilliant  until 
they  finally  collapse  into  one  or  two  beads.  It  seems,  therefore,  that 
with  increasing  voltage  the  beads  appear  one  b}'  one  until  the  maximum 
voltage  is  reached,  when  the  number  of  beads  is  also  a  maximum ;  but 
that  with  decreasing  voltage  the  beads  remain  on  the  wire  at  much 
lower  voltages  than  those  at  which  they  were  formed.  In  fact  they 
persist  until  a  change  in  number  takes  place  when,  not  only  one  but 
several  beads  disappear,  so  that  the  beads  remaining  again  increase 
in  brilliance,  and  a  considerable  lowering  of  the  voltage  is  necessary 
to  destroy  more  beads.  With  a  constant  number  of  beads  the  current 
increases  with  increasing  voltage.  The  bead  brilliancy  increases  also 
with  an  increase  of  current.  With  a  change  in  the  number  of  beads 
the  current  value  makes  a  sudden  change.  This  change  is  approxi- 
mately proportional  to  the  change  in  the  number  of  beads. 

Opposite  each  bead  for  practically  all  pressures  and  all  sizes  of 
wire  used,  there  is  a  number  of  bright  spots  on  the  tube.  The  number 
of  spots  varies  from  ten  to  twelve  for  small  wires  and  for  small  pres- 
sures to  many  hundred  for  large  wires  and  for  large  pressures. 

For  a  given  wire  and  a  given  pressure  the  number  of  spots  de- 
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pends  upon  the  magnitude  of  the  corona  current.  If  only  a  few  spots 
exist,  they  will  be  grouped  together  around  the  side  of  the  bead 
nearest  the  tube,  but  when  the  current  is  large  the  spots  will  form  a 
band  extending  entirely  around  the  tube  and  of  a  width  of  one  cen- 
timeter or  less.  These  spots  vary  in  color  from  pale  yellow  to  a 
milky  blue,  depending  on  the  pressure,  current,  and  size  of  wire. 
With  low  pressures  and  large  currents  these  spots  may  appear  as 
brilliant  green  fans  with  yellow  spots  where  they  touch  the  tube. 
The  green  color  may  be  due  to  the  brass  tube  and  not  to  an  inherent 
property  of  the  hydrogen.  The  presence  of  these  spots  at  the  tube 
surface  seems  to  indicate  an  ionizing  gradient  in  this  region. 

The  predominating  color  of  the  various  discharges  through  hj- 
drogen  is  blue,  which  ranges  from  a  light  silver  blue  to  sky  blue. 
The  exceptions  to  this  characteristic  blue  color  have  been  mentioned 
in  the  preceding  paragraph. 

8.  Alternating  Current  Corona  in  Air  and  Hydrogen. — When 
an  alternating  voltage  is  impressed  across  a  tube  filled  with  air,  the 
discharge  seems  to  be  a  combination  of  the  discharges  with  the  wire 
positive  and  with  the  wire  negative.  As  would  be  expected,  the 
beads  appear  during  the  half  cycle  when  the  wire  is  negative  and  the 
uniform  glow  appears  during  the  half  cycle  when  the  wire  is  positive. 
This  is  shown  in  i,  Fig.  4. 

When  alternating  current  is  applied  to  a  tube  filled  with  hydro- 
gen, the  discharge  always  appears  to  be  very  similar  to  that  observed 
when  the  wire  is  negative,  as  shown  clearly  in  d,  Fig.  6.  The  absence 
of  the  uniform  luminous  layer  between  the  beads  shows  that  the 
characteristic  positive  discharge  is  absent ;  thus  either  partial  or  per- 
fect rectification  is  indicated.  The  absence  of  the  positive  discharge 
can  better  be  understood  after  studying  the  starting  points  of  the 
positive  and  negative  corona,  as  shown  in  the  curves  which  follow. 

If  the  alternating  voltage  is  sufficiently  increased  the  positive 
corona  discharge  forms,  and  finally  with  a  sufficient  increase  the 
positive  arc  is  produced.  That  the  arc  occurs  during  the  half  cycle 
in  which  the  wire  is  positive  can  be  verified  by  two  methods.  (1) 
By  watchin-g  the  discharge  as  the  voltage  is  increased  to  the  arcing 
value,  one  observes  the  first  arc  to  be  a  reddish  color.  This  is  known 
to  be  the  positive  arc.  (2)  Oscillograms  show  that  the  change  in  cur- 
rent, indicating  the  start  of  the  arc,  occurs  from  a  positive  current  lobe. 
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CHAPTER  III 

The  Starting  Point  of  the  Corona 

For  engineering  purposes  it  is  important  to  know  the  factors 
which  affect  the  starting  point  of  the  visible  glow.  In  air,  of  a  given 
humidity,  the  starting  point*  is  mainly  a  function  of  two  variables: 
(1)  the  radius  of  the  wire,  (2)  the  pressure  of  the  air.  In  hydrogen 
the  first  few  investigations  disclosed  the  fact  that  the  starting  voltages 
were  erratic  under  apparently  similar  temperature,  pressure,  and  wire 
surface  conditions.  All  disturbing  elements,  except  possibly  a  time 
element,  seemed  to  be  eliminated ;  so  tests  were  made  to  determine  the 
effect  on  the  starting  voltage  of  a  variation  in  the  length  of  time  elaps- 
ing between  successive  readings.    Fig.  7  shows  the  results  of  a  repre- 
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Fig.  7.     Variation  of  Critical  Voltage  with  Time  Interval  between 
Opening  and  Reclosing  the  Circuit 


*The    influence    of    humidity    and    temperature    upon    the    starting    point    will    be   dis- 
cussed in  Chapter  V. 
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sentative  test  of  this  type.  The  method  of  procedure  for  taking  the 
readings  for  this  test  was  as  follows :  The  circuit  was  closed,  corona 
was  started,  and  the  voltage  was  increased  to  a  value  sufficient  to  make 
the  current  reading  2.472  X  10-^  amperes.  The  circuit  was  then 
opened,  and  the  time  of  opening  the  circuit  was  called  zero  time.  One- 
half  minute  later  the  circuit  was  closed  and  the  critical  voltage  value 
was  determined  as  soon  as  possible.  After  this  determination  was  made, 
the  current  was  again  brought  to  2.472X10-^  amperes,  the  circuit 
opened  and  the  new  time  was  called  zero  time.  A  critical  voltage 
determination  was  made  one  minute  later.  This  process  was  continued 
until  a  definite  conclusion  concerning  the  variation  of  critical  voltage 
with  time  was  reached.  As  a  direct  consequence  of  this  test  all  deter- 
minations of  critical  voltages  in  hydrogen  were  made  only  when 
enough  time  had  elapsed  after  breaking  the  corona  circuit  to  insure 
a  resumption  of  normal  conditions. 

Experiments  were  also  conducted  to  determine  whether  or  not 
the  starting  voltage  was  different  for  the  two  following  cases:  (1) 
when  the  voltage  was  gradually  increased  in  value  until  the  critical 
value  was  reached,  and  (2)  when  the  full  voltage  was  suddenly 
thrown  across  the  tube.    No  appreciable  difference  was  found. 

In  addition  to  this  time  element  the  starting  point  of  the  visible 
glow  in  hydrogen  also  depends  upon  the  radius  of  the  wire  and  the 
pressure  of  the  gas.  In  the  next  two  sections  the  variations  of  the 
glow  voltage  with  these  factors  are  discussed. 

9.  Glow  Volts — Radius  Curves. — Fig.  8  gives  curves  showing 
the  variation  of  the  glow  voltages  with  the  radius  of  the  wire  when 
air  and  hydrogen  formed  the  dielectric.  In  the  air  curves  the  data 
for  points  representing  wires  of  very  small  radii  were  taken  from 
voltage-ampere  curves  for  silver  and  tungsten  wires.  The  data  for 
the  rest  of  the  points  were  taken  from  the  characteristic  voltage^ 
ampere  curves  for  copper  as  reproduced  in  this  bulletin.  The  silver 
wire  used  was  really  silver  wire  with  a  platinum  core,  known  as 
"WoUaston  wire,"  It  was  used  both  in  its  original  state,  diameter 
0.0517  mm.,  and  with  some  of  the  silver  dissolved  off;  thus  the  wires 
used  were  of  average  diameters  0.027  and  0.037  mm.  The  tungsten 
wire  was  that  used  in  25-watt  lamps.  The  diameters  of  the  very  small 
wires  were  obtained  by  the  use  of  a  microscope  fitted  with  a  stage 
ruled  with  parallel  lines. 
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Fig.  8.     Variation  of  the  Glow  Voltages  with  the  Radius  of  the  Wire 

From  the  air  curves  the  followins:  conclusions  can  be  drawn: 


(1)  For  the  smaller  wires,  the  negative  glow  appears 
before  the  positive. 

(2)  For  the  larger  wires, the  positive  glow  appears  before 
the  negative. 

(3)  The  diameter  of  wire,  0.075  mm.,  serves  as  a  dividing 
line  between  these  two  groups.  Shaffers  has  noted  similar  data 
which  when  plotted  show  a  crossing  of  the  curves  for  the  start- 
ing points  of  the  positive  and  negative  corona,  but  he  gives 
0.01  cm.  as  the  wire  radius  to  separate  the  two  groups.    He  does 
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not  specify  what  ne  considered  as  the  starting  point  of  the  nega- 
tive corona,  and  it  is  accordingly  not  practical  to  compare  his 
value  with  that  shown  in  the  air  curves. 

The  hydrogen  curves  show:  (1)  that  the  critical  voltage  for 
hydrogen  is  very  much  less  than  that  for  air,  (2)  that  for  any 
particular  size  of  wire  and  any  given  pressure  the  negative  start- 
ing voltage  is  much  less  than  the  positive  voltage.  It  is  seen  that  for 
most  of  the  range  of  wires  used  the  opposite  is  true  for  air.  • 

10.  Glow  Volts — Pressure  Curves. — Fig.  9  gives  curves  show- 
ing the  variation  of  critical  voltages  with  the  pressure.  In  these  ex- 
periments only  one  wire  was  used  when  the  tube  was  filled  with  air 
but  each  of  two  wires  was  successively  used  when  the  tube  was  filled 
with  hydrogen. 

These  curves  show  that  in  both  air  and  hydrogen  for  a  single  size 
of  wire,  an  increase  in  the  gas  pressure  requires  an  increase  in  the 
voltage  necessary  to  start  the  corona  discharge.     These  curves  also 
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show:  (1)  that  the  positive  critical  voltage  for  air  is  lower  than  the 
negative  critical  voltage,  while  for  hydrogen  the  negative  critical 
voltage  is  the  less;  (2)  that  for  a  constant  pressure  and  size  of  wire 
the  critical  voltage  in  hydrogen  is  much  lower  than  the  critical  voltage 
in  air. 

11.  Starting  Point  Expressed  in  Terms  of  Electric  Intensity 
as  a  Function  of  Radius  and  Pressure. — The  electric  intensity,  e, 
at  the  surface  of  the  wire,  subject  to  a  potential,  V,  coaxial  with  a 
cylinder  at  zero  potential,  is  given  by  the  following  equation: 


(1) 


a  logg  — 
a 


where  a  =  radius  of  the  wire, 

&  =  radius  of  the  cylinder. 

Thus  if  V,  a,  and  1)  are  known,  e  can  be  computed.  A  sample 
table  showing  glow  voltage  and  computed  electric  intensity  as  a  func- 
tion of  the  radius  of  the  wire  in  air  is  given  in  Table  1.  While  with 
increasing  radius  the  glow  voltage  increases,  the  electric  intensity,  e, 
at  the  surface  of  the  wire  decreases.  Fig.  10  shows  this  relation 
graphically. 


Table  1 

Critical  Difference  of  Potential  to  Cause  Continuous  Glow  as 
Function  of  Radius  of  Wire 


I 

2 

3 

4 

5 

6 

7 

R  cm. 

V  -l-Volts 

E  -1-Volts 

E  -l-Vclts 

V— Volts 

E— Volts 

E— Volts 

per  cm. 

Calcul. 

per  cm. 

Calcul. 

0.00135 

2720 

2.74X105 

2.62X105 

2520 

2.52X105 

2.55X105 

0.002185 

3380 

2.58 

2.29 

3230 

2.45 

2.23 

0.0023 

3500 

2.25 

2.09 

3300 

2.08 

2.04 

0.00258- 

3630 

2.12 

1.99 

3500 

2.02 

1.94 

0.00380 

4060 

1.66 

1.67 

4060 

1.66 

1.65 

0.00678 

5140 

1.31 

1.34 

5320 

1.36 

1.33 

0.00825 

5710 

1.25 

1.25 

6140 

1.21 

1.21 

0.012 

6600 

1.07 

1.09 

6840 

1.09 

1.09 

0.013 

7180 

1.07 

1.06 

7660 

1.14 

1.06 

0.0205 

8900 

0.93 

0.91 

9370 

0.99 

0.92 

0  0325 

10880 

0.80 

0.79 

11440 

0.83 

0.80 

0.0385 

11850 

0.77 

0.75 

12400 

0.79 

0.76 

0.0512 

13500 

0.71 

0.69 

14120 

0.73 

0.71 

0.0642 

14700 

0.65 

0.65 

15220 

0.64 

0.64 
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Fig.  10.     Critical   Electeic   Intensity  at  the  Surface  of  the  Wire  as   a 
Function  of  the  Wire  Eadius 


Peek  has  found  that  the  following  law,  connecting  electric  in- 
tensity and  radius,  holds : 


<  a 


(2) 


where  A  and  B  are  constants  and  a  is  the  radius  of  the  wire.  The 
data  in  columns  3  and  6  of  Table  1  were  obtained  by  substitution 
in  equation  (1)  and  columns  4  and  7  by  substitution  in  the  empirical 
law  represented  by  equation  (2).  By  comparing  columns  3  and  4, 
and  6  and  7,  one  sees  that  for  the  smallest  wires  there  are  deviations 
from  this  formula.  These  deviations  occur  probably  because  the 
critical  voltage  and  the  glow  voltage  differ  from  each  other,  and  be- 
cause there  is  possibly  a  distortion  of  the  field  due  to  ionization  before 
the  glow  begins.    For  the  data  given  it  is  found  that  for  the  positive 
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wire  A  =  31.6  X  10^  B  =  8.47  X  10^ ;  and  for  the  negative  wire 
A  =  35.0  X  10^    B  =  8.06  X  10^ 

In  hydrogen  the  relation  between  electric  intensity  and  the  wire 
radius  follows  equation  (2)  only  approximately,  and  then  only  for 
wires  whose  radii  fall  within  the  limits  from  0.1  mm.  to  1.0  mm., 
and  for  gas  pressures  ranging  from  100  mm.  of  mercury  to  atmos- 
pheric pressure.  For  wires  of  diameters  larger  than  1.0  mm.,  the 
ratio  of  the  radius  of  the  wire  to  the  radius  of  the  tube  becomes  com- 
paratively small  and  the  discharge  phenomena  change  their  charac- 
ter until  with  a  No.  8  wire,  3.23  mm.  in  diameter,  corona  does  not 
form  at  any  pressure. 

From  the  curves  showing  the  relation  between  the  critical  voltage 
and  the  pressure,  found  by  computing  the  electric  intensity,  curves 
could  be  drawn  showing  the  relation  between  electric  intensity  and 
pressure. 

Such  curves  taken  from  data  with  hydrogen  can  be  represented 
nearly  accurately  by  another  one  of  Peek's  foi'mulas. 

e=e^^p  +  c^!p (3) 

where  e  =  critical  electric  intensity  at  wire, 

p  =  pressure  in  percentage  of  atmospheric  pressure,  ] 

eo  and  c  =  constants. 
These  two  laws  of  Peek  can  be  combined  into  the  one  equation : 

where  Cq  and  D  are  constants,  and  a  and  p  have  the  significance  given 
to  them.  For  both  air  and  hydrogen  it  has  been  found  that  this  law 
represents  the  facts  only  very  approximately,  especially  is  this  state- 
ment true  for  large  wires  and  low  gas  pressures.  In  hydrogen  the 
critical  and  glow  voltages  have  identical  values  for  all  sizes  of  wire  and 
pressures  studied. 

12.  Theoretical  Considerations. — Several  attempts  have  been 
made  to  give  theoretical  explanations  of  the  corona  discharge.  No 
theory,  however,  has  succeeded  in  explaining  all  the  phenomena.  In 
many  cases  the  theory  of  spark  discharge  has  been  applied  to  the 
corona.     Spark  and  corona  are.  however,  different  phenomena.     In 
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the  spark  there  is  uo  distinction  between  positive  and  negative ;  where- 
as this  distinction  in  the  corona  is  very  necessary.  In  order  to  start 
a  spark  a  high  potential  difference,  as  a  rule,  is  required ;  but  as  soon 
as  the  spark  strikes,  the  potential  difference  falls  to  a  very  small 
value.  This  is  not  the  case  for  the  corona  in  air;  moreover  when  the 
corona  is  started  one  has  to  raise  the  potential  difference  a  great  deal 
before  a  spark  or  rather  an  arc  appears  completely  across  the  gas 
between  the  electrodes.  In  the  case  of  the  spark  the  striking  potential 
difference,  V,  depends  only  on  the  pressure,  p,  of  the  gas  and  the  dis- 
tance, d,  between  the  electrodes : 

V  =  Cpd 

where  C  is  a  proportionality  factor.  This  law  is  found  by  the  follow- 
ing consideration.    Suppose  that  there  are  a  few  electrons  present  in 

V 
the  gas  in  the  natural  state.     If  an  electric  force,  e  =  -tj  is  applied, 

and  if  X  is  the  average  distance  between  successive  collisions  of 
an  electron  with  a  molecule,  then  this  distance,  X,  must  be  such  that 
the  force,  e,  has  time  enough  to  impart  to  the  electron  the  energy,  Ec, 
required  to  ionize  the  molecule ;  hence 

but  X,  the  distance  between  ionizing  collisions,  is  inversely  pro- 
portional to  the  pressure  of  the  gas ;  hence  F  =  C  d.  p,  or  the  striking 
potential  difference,  V,  is  constant  if  p.  d  is  constant.  The  spark  de- 
pends only  on  the  properties  of  the  gas,  especially  on  the  mass  of  the 
gas  between  the  two  electrodes,  but  it  is  independent  of  the  electrodes. 
The  apparent  law  of  the  corona  discharge  is  quite  different.  The 
electric  force,  e,  which  must  be  applied  in  order  to  start  the  corona 
discharge  depends  not  only  on  the  pressure  of  the  gas  but  also  on 
the  radius  of  the  wire  approximately  according  to  the  expression 

D 


-K-vfe) 


or  for  constant  pressure :  e  =  A-\-  —rz= 

^JR 

For  small  wires  a  relatively  strong  electric  force  is  required.    A  later 
chapter  will  show  that  not  only  the  radius  of  the  central  wire  but  also 
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its  mechanical  and  chemical  properties  affect  the  initial  discharge. 
At  all  events  in  the  negative  corona  it  seems  as  if  the  electrons  were 
supplied  in  part  by  the  metal  and  not  only  by  the  gas. 

A  partial  explanation  of  the  last  formula  can  be  given  as  follows : 
assume  that  in  the  neighborhood  of  the  wire  in  a  layer  of  constant 
thickness,  8,  a  certain  constant  energy  is  required  for  the  beginning 
corona,  different  for  positive  and  negative  electricity;  in  fact  the 
splitting  up  of  the  molecules  into  ions  and  the  emission  of  light  re- 
quire energy.  When  a  sufficient  amount  of  energy  is  supplied,  the 
breaking  down  of  the  dielectric  accompanied  by  the  luminous  corona 
will  occur.  The  thickness,  5,  of  the  luminous  layer  seems  nearly 
independent  of  the  radius  of  the  wire.  In  the  neighborhood  of  the 
wire,  the  electric  force,  e,  assumes  large  values  so  that  the  polari- 
zation is  also  large  and  an  opposing  electric  force,  Cq,  of  polari- 
zation will  be  created,  so  that  the  resultant  electric  force  is  equal 
to  e  —  eo-  If  fc  is  the  dielectric  constant,  Ri,  the  radius  of  the  wire, 
then  the  energy,  E.^,  per  unit  length  in  a  layer  of  thickness,  S, 
around  the  wire  is : 

Er=-^2irR,8(e-e,r 

OTT 


-la/Ml 


If  El,  k,  and  5   are  constant,  then 


=  €o+\ 


-rr-^ --)      the   law   which    approximately 

K  0      yR\ 


represents  these  observations. 

The  principle  of  similarity  is  now  applied  to  two  tubes,  T  and  T\, 
where  the  linear  dimensions  are  in  the  constant  ratio  of  1 :  z,  so  that 

R'i=RiZ;   R'2  =  R2Z\   then  ei  =  — 


Si  log  1^ 


e\  ^  p7-    = —  =  —,    provided   the  potential    dif' 

R'^losp       Riz  \ogp       ' 
it  I  111 
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f  erence,  V,  is  the  same  in  both  tubes.     The  discharge  will  start  under  the 

same  potential  difference  if  p' =— ',    then  for  the  mean  free  paths 

in  both   tubes   the   relation   is:   X'  =  \z   and  for  the  time  intervals, 

t'  and  t  respectively,  between  two  successive  collisions:    t'  =  t  z. 

At  any  two  corresponding  points  such  as  A  and  A '  the  electric  forces 

are: 


ez 


because  it  is  assumed  that  at  any  moment  the  distribution  and 
movement  of  the  ions  in  the  tubes  are  exactly  similar,  but  that  the  total 
numbers  are  in  the  ratio  of  l:  z ;  hence 


e'V 


\z 


€  X    is,   however,    the  work   done   by   the   electric   field   during   the 
motion  of  an  ion  over  a  mean  free  path ;  if  after  this  mean  free 


7" 


1/    ^ 


R. 


Jl 


Fig.  11.     Theoeetical   Tubes   with  Linear   Dimensions   in   Constant   Eatio 
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path  the  next  colUsion  results  in  ionization,  it  will  do  so  in  corres- 
ponding points  of  hoth  tubes.      Moreover 

e'l  R'l  =  —RiZ  =  €i  Ri  and 
z 

p'  R'l  =  -Ri  z  =  V  Ri;  hence 

z 

if  €iRi    is   kept   constant,    then    p  Ri  remains  constant;  or  €iRi  is 
only  a  function  of  pR^.     If  e^  =  Cq  ~I — ?=^  ,  then 

€i  Ri  =   eo  Ri  .1.+  —=4==  ,  for  p  =  1. 
yRi  .1. 

But   if  RiA.    is   kept   constant    and   is   equal  to   RiP,    then    CiRi 
remains  constant;  hence 

€i  /^i  =  €  0  i^i  p  +     — —  ,  or 

a  rule  approximately  verified  at  least  by  experimental  measurements 
in  air. 
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CHAPTER  IV 

Characteristic  Curves 

A  characteristic  curve  for  the  corona  discharge  shows  graphi- 
cally the  relation  between  the  voltage  across  the  tube  and  the  result- 
ant current.  Such  curves  will  be  considered  in  the  following  para- 
graphs for  air  and  hydrogen  at  various  pressures. 

13.  Ampere-Voltage  Characteristic  Curves  for  Air  at  Atmospheric 
Pressure. — It  was  found  that  the  currents  flowing,  when  the  voltages 
were  below  the  critical  voltage,  were  negligible;  consequently  the  fol- 
lowing tests  were  started  at  a  voltage  somewhere  near  the  critical 
voltage.  For  each  voltage  the  deflection  of  the  galvanometer  was 
read  for  both  polarities  of  the  wire. 

The  presence  of  dirt  or  dust  particles  on  the  wire,  when  negative, 
has  a  marked  effect  upon  the  discharge.  Often  a  spot  or  two  on  the 
wire  would  glow  long  before  the  wire  as  a  whole  was  luminous.  Be- 
cause of  this  fact  there  is  no  definite  critical  voltage  as  in  the  positive 
polarity,  for  the  initial  jump  of  the  deflection  is  much  a  matter  of 
chance.  As  the  voltage  is  increased,  however,  there  occurs  a  critical 
voltage  at  which  a  flickering  glow  can  be  seen  along  the  wire  prelimi- 
nary to  the  spreading  of  the  discharge  from  a  few  spots  over  the  whole 
wire.  This  phenomenon  occurs  at  a  definite  voltage  for  a  given  size 
wire  and  it  is  this  voltage  which  is  given  in  the  tables  under  "visible 
glow"  for  the  negative  polarity. 

Fig.  12  shows  the  characteristic  curves  and  critical  voltage  for 
copper  wires  of  diameters  ranging  from  0.41  mm.  to  1.28  mm. 

A  study  of  these  data  shows  the  following  facts : 

(1)  For  the  smaller  wires,  the  critical  voltage  is  con- 
siderably lower  than  the  glow  voltage,  and  a  fairly  large  current 
exists  before  a  luminous  discharge  occurs.  This  statement  ap- 
plies to  wire  positive. 

(2)  The  smallest  wire,  for  which  there  is  no  current  for 
wire  positive  before  glow  appears,  is  0,135  mm.  diameter. 

(3)  For  wires  larger  than  0.135  mm.  diameter,  current  and 
glow  appear  simultaneously,  for  wire  positive. 
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(4)  For  wires  about  No.  26  and  larger  the  current  and  the 
visible  glow  appear  simultaneously,  as  a  general  rule,  for  the 
negative  polarity. 

14.  Characteristic  Curves  in  Air  at  Reduced  Pressures. — It  was 
discovered  that  a  change  in  the  pressure  of  the  air  in  the  corona  ap- 
paratus had  a  marked  effect  upou  the  current  caused  hj  a  given 
voltage;  thus  it  was  determined  to  obtain  characteristic  curves  at 
reduced  pressures  for  different  wires.  From  such  data  it  was  hoped 
that  the  current  readings  for  the  different  sizes  of  wire  might  be  re- 
duced to  a  760  mm.  basis.  A  series  of  characteristic  curves  was, 
therefore,  taken  for  different  pressures  with  dry  air  in  the  tube. 
Fig.  13  shows  these  results  for  No.  26  copper  wire.  These  curves  show 
a  marked  increase  in  the  current  for  a  relatively  small  decrease  in 
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the  pressure.    The  curves  also  show  an  unsymmetrieal  spacing  which 
suggests  the  presence  of  some  disturbing  factor. 

In  a  number  of  preliminarj^  experiments  it  was  found  to  be  im- 
possible to  repeat  observations  if  the  tube  was  closed  and  the  air  not 
changed.  In  order  to  eliminate  any  disturbing  effects  due  to  moist- 
ure in  the  air  and  possible  changes  in  the  constitution  of  the  air  in  the 
tube,  an  arrangement  was  devised  for  supplying  dry  air  which  could 
be  pumped  through  the  tube  out  into  the  atmosphere.  The  air  was 
dried  by  being  passed  through  wash  bottles  containing  sulphuric  acid 
and  then  through  a  tube  containing  soda-lime.  Fig.  14  shows  the  re- 
sults when  No.  40  wire  was  used.  These  curves  show  a  regular  effect 
of  pressure  which  is  larger  for  the  negative  than  for  the  positive 
corona.    This  regularity  seems  to  indicate  that  the  discordant  results 
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obtained  in  the  preliminary  experiments  were  due  to  the  presence  of 
other  factors  rather  than  mere  change  of  the  pressure. 

To  determine  the  effect,  if  any,  of  confining  air  in  a  closed  tube 
upon  the  coronal  current  a  series  of  tests  was  run  under  constant 
pressure  with  various  conditions  as,  for  examples,  the  closing  of  the 
tube,  the  renewal  of  the  air.  The  erratic  results  which  followed 
showed  no  evident  relations  and  indicated  that  confinement  of  the 
air  has  a  great  effect  upon  the  coronal  current  and  also  upon  the 
critical  and  visible  glow  voltages.  Such  an  effect  does  not  appear 
strange  when  one  thinks  of  the  ozone,  and  possibly  other  products 
formed  which,  when  the  tube  is  closed,  must  remain  inside  and  thus 
change  the  character  of  the  gas  to  a  considerable  extent.  It  must 
be  concluded  from  these  tests  that  it  is  unsafe  to  compare  results 
obtained  in  a  closed  tube  with  those  obtained  where  there  is  a  plenti- 
ful supply  of  fresh  air. 

15.  Characteristic  Curves  in  Hydrogen  at  Atmospheric  and 
Reduced  Pressures. — Some  characteristic  curves  for  positive  corona 
in  hydrogen  are  given  in  Figs.  15  and  16.  The  most  remarkable 
points  about  these  characteristics  are: 

(1)  The  marked  difference  between  the  critical  voltage  and 
the  voltage  at  which  corona  ceases. 

(2)  The  difference   between  the  points  taken  with  increas- 
ing and  those  taken  with  decreasing  current. 

This  persistence  of  corona  at  voltages  less  than  that  necessary 
to  start  the  discharge  has  not  been  observed  with  air  and  continuous 
potentials.*  If  there  is  any  such  difference  for  air,  its  magnitude  is 
certainly  very  much  less  than  with  hydrogen. 

This  difference  between  the  critical  voltage  and  the  voltage  at 
which  corona  is  maintained  may  be  explained  by  the  change  in  the 
electric  intensity  (volts  per  centimeter)  at  the  surface  of  the  wire 
after  the  corona  has  formed.  This  change  of  intensity  is  caused  by  the 
space  charge  due  to  the  positive  and  negative  ions  in  the  space  be- 
tween the  wire  and  the  tube.  That  such  a  distortion  of  the  electric 
field  exists  will  be  shown  later.     The  difference  between  the  critical 


»See  Bennett,  A.  I.  E.  E.,  Proc.  Vol.  32,  Part  II,  p.  1796,  1913,  for  alternating  potentials. 
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voltage  and  the  voltage  at  which  the  discharge  ceases  is  not  detected 
unless  all  sources  of  irregular  ionization,  such  as  rough  spots  on  the 
wire,  high  intensity  where  the  wire  passes  through  the  glass,  etc.,  are 
eliminated. 

Other  properties  of  the  characteristic  curves  are: 

(3)  For  a  given  voltage  the  current  increases  with  a  de- 
crease of  density  of.  hydrogen. 

(4)  For  a  given  voltage  the  current  increases  with  a  de- 
crease in  wire  diameter. 

{o)  The  characteristic  curve  is  very  nearly  parallel  with 
tlic  current  axis  so  that  a  small  change  in  potential  produces  a 
very  great  change  in  current. 

(6)  As  soon  as  the  copious  ionization  stage  is  reached,  the 
current  rises  to  a  high  value.  For  wires  as  large  as  No.  8  the 
current  increases  immediately  to  arcing  values.  As  the  size  of 
the  wire  is  decreased  the  initial  jump  diminishes  until  with  a 
No.  32  wire  (0.200  mm.  in  diameter)  at  atmospheric  pressure 
the  current  rises  to  a  value  of  the  order  of  10  -  *  amperes. 

(7)  With  a  single  size  of  wire  and  varying  pressures,  the 
initial  current  rise  diminishes  with  a  decrease  in  pressure. 

Characteristic  curves  for  negative  corona  for  various  pressures 
and  two  sizes  of  wire  are  given  in  Figs.  17  and  18.  The  full  line 
curves  represent  stable  conditions  and  a  constant  number  of  beads. 
The  number  of  beads  on  any  particular  curve  may  be  determined  by 
noting  the  small  number  adjacent  to  the  curve.  In  the  small  wire 
it  will  be  noticed  that  the  shape  of  these  characteristics  depends  to 
a  large  extent  upon  the  gas  pressure. 

With  the  smaller  wire  (No.  36  diameter  .0121  mm.)  the  corona 
seemed  to  start  in  each  case  with  a  number  of  very  small  bright 
points  on  the  wire.  Usuall}^,  however,  the  negative  corona  started 
with  an  unstable  flickering  glow  along  the  wire.  With  an  increase 
of  voltage  the  current  gradually  increased  until  a  point  was  reached 
where  the  small  bright  spots  combined  into  one  negative  bead  of  the 
kind  described  in  Chapter  II.  This  change  in  formation  was  accom- 
panied by  a  large  increase  in  current  and  by  a  drop  in  the  potential 
difference  bet^reen  the  wire  and  the  tube.  This  drop  in  potential 
difference  across  the  tube  was,  in  a  certain  sense,  due  to  the  resistance 
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in  series  with  the  corona  tube.  The  increased  current  taken  by  the 
tube  causes  a  higher  drop  through  the  series  resistance.  This  in- 
creased drop  stabilizes  the  corona  discharge  and  prevents  the  indefi- 
nite increase  of  current  which  might  result  if  there  were  no  resist- 
ance in  the  circuit.  The  gaps  in  the  curves  represent  unstable  con- 
ditions. An  increase  in  the  generated  voltage  caused  an  increase  in 
the  corona  current,  which  was  accompanied  by  either  an  increase 
or  a  decrease  of  the  voltage  between  the  wire  and  the  tube  depending 
on  the  size  of  wire  and  the  gas  pressure. 

It  may  be  noticed  that  for  the  lower  pressures  the  characteristics 
are  similar  to  the  usual  arc  characteristic.  The  discharge,  however, 
was  not  that  of  the  arc.  The  are  formed  if  the  machine  voltage  was 
sufficiently  increased.  This  increase  was  accompanied  by  a  further 
drop  in  the  voltage  between  the  wire  and  tube  and  an  entire  change 
in  the  general  appearance  of  the  discharge. 

The  study  of  the  negative  characteristics  leads  to  the  following 
conclusions : 

(1)  For  larger  wires  the  curves  for  a  constant  number  of 
beads  have  positive  slopes  at  all  pressures  above  100  mm. 

(2)  For  a  given  wire  and  gas  pressure  the  curves  become 
more  nearly  parallel  with  the  current  axis  as  the  current  in- 
creases in  value. 

(3)  For  a  given  number  of  beads  and  a  constant  pressure 
the  maximum  possible  voltage  variation  is  approximately  a  con- 
stant, whatever  the  number  of  beads. 

(4)  With  a  constant  radius  and  a  decreasing  pressure  the 
curves  revolve  in  a  counter-clockwise  direction  about  their  lower 
points  until  their  slopes  change  from  positive  to  negative  values. 
The  discharges  become  unstable  at  the  point  of  infinite  slope 
and  resemble  the  arc  discharge  in  so  far  as  this  property  is  con- 
cerned. 

(5)  With  a  constant  pressure  and  decreasing  radius  the 
critical  electrical  intensity  decreases,  and  the  slopes  of  the  curves 
approach  negative  values. 

(6)  In  all  cases,  as  the  voltage  is  gradually  increased 
through  the  critical  value,  the  beads  form  one  by  one,  the  current 
values  at  any  time  being  approximately  proportional  to  the  num- 
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ber  of  beads.    The  initial  current  values  never  became  excessive 
as  they  do  with  the  positive  corona  discharges. 

(7)  For  a  given  voltage  the  current  increases  with  a  de- 
crease of  gas  density  and  also  for  a  decrease  of  wire  radius. 

(8)  The  greater  the  number  of  beads  on  the  wire  the 
greater  the  current  change  per  unit  change  of  potential. 

(9)  For  all  but  the  smallest  wire  studied  the  first  corona 
discharge  takes  the  form  of  beads.  For  the  smallest  wire  the 
first  discharge  at  pressures  below  200  mm.  of  mercury  takes  the 
form  of  a  flickering  unstable  glow  traveling  along  the  wire.  This 
glow'  condenses  to  small,  flickering,  and  unstable  beads  upon  a 
slight  potential  increase.  These  flickering  beads  persist  until 
currents  of  the  order  of  10  -  *  amperes  are  obtained ;  then  they 
condense  to  the  ordinary  bead  discharge. 
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CHAPTER  V 

Additional  Factors  Affecting  the  Starting  Point  and  the 
Corona  Current 

The  characteristic  and  starting  point  curves  show  the  effect  upon 
the  corona  current  of  varying  the  radius  of  the  wire  and  the  pressure 
of  the  gas.  In  addition  to  these  the  following  variables  also  affect 
the  current. 

16.  Moisture. — The  effect  of  moisture  has  been  studied  only 
when  air  was  the  dielectric.  An  arrangement  was  devised  whereby 
air  could  be  drawn  from  the  room  through  the  tube.  The  humidity 
of  such  air  was  given  by  calculation  from  the  readings  of  wet  and 
dry  bulb  thermometers.  Parallel  sets  of  readings  of  the  current  flow- 
ing when  dry  air  was  pumped  continuously  through  the  tube  and 
when  air  from  the  room  was  sucked  through  before  each  reading  were 
taken  from  day  to  day.  The  results  are  shown  in  Fig.  19.  These 
curves  indicate  a  regular  effect  due  to  moisture,  with  a  tendency  for 
the  decrease  of  current  by  humidity  to  be  greater  for  negative  polarity 
of  the  wire.  The  decrease  of  current  by  the  presence  of  moisture  is 
well  known;  so  these  results  agree  with  present  knowledge. 

To  determine  whether  the  presence  of  moisture  in  the  air  has  an 
effect  upon  the  critical  voltage,  a  test  was  run  as  follows  under  a  pres- 
sure of  736  mm.  and  humidity  68.5  per  cent.  Air  was  drawn 
from  the  room  through  the  tube,  and  the  voltage  was  noted  at 
which  the  initial  jump  of  the  galvanometer  occurred  for  wire  posi- 
tive. The  positive  glow  voltage  and  the  negative  glow  voltage  were 
then  determined.  Then  dry  air  was  pumped  through  the  tube  and  the 
same  measurements  were  taken.    The  results  were : 

Wet  Air  Dry  Air 

Positive  critical  voltage    4300  4190 

Positive  glow  voltage    4350  4260 

Negative  glow  voltage  4275  4370 

The  effect  of  moisture  apparently  is  to  raise  slightly  the  starting 
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point  of  the  positive  corona,  but  the  reverse  is  true  for  the  negative 
polarity. 

The  appearance  of  the  discharge  is  also  affected  bj^  moisture, 
when  the  wire  is  negative.  With  moist  air  in  the  tube,  the  discharge 
begins  with  dim  spots,  and  the  discharge  is  of  no  clearly  defined 
nature,  being  a  mixture  of  sections  of  continuous  glow  and  bright 
spots  which  are  immobile. 
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20.     Influence  op  Temperature  upon  the  Corona  Current  at  a  Constant 
Pressure  of  760  Millimeters 


The  effect  of  moisture  on  the  appearance  of  the  negative  dis- 
charge was  shown  by  the  following  experiment :  The  tube  was  filled 
with  moist  air,  and  a  voltage  somewhat  above  the  critical  value  was 
impressed.  A  mixed  discharge  resulted  as  was  described  in  the  pre- 
ceding paragraph ;  then  a  current  of  dry  air  was  started  through  the 
tube,  and  little  \)y  little  the  discharge  cleared  up  and  resolved  itself 
into  a  line  of  uniformly  spaced  brushes  which  were  in  continual  agi- 
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tation.     When  moist  air  was  again  admitted,  the  discharge  resumed 
its  former  character. 

With  moist  air  in  the  tube  and  a  fairly  high  potential  difference 
the  wire  vibrates  circularly  for  both  polarities,  and  describes  a  tor- 
pedo-like figure  of  revolution.  The  filling  of  the  tube  with  dry  air 
diminishes  considerably  the  amplitude  of  the  vibration  for  wire  posi- 
tive and  stops  the  vibration  entirely  for  wire  negative. 

17.  Temperature. — The  influence  of  temperature  upon  the  cur- 
rent for  a  No.  36  copper  wire  in  a  closed  tube  under  a  pressure  of 
760  mm.  was  determined  for  the  temperatures  15  degrees  C.  and  25 
degrees  C.  The  results  appear  in  Fig.  20.  The  lower  temperature 
was  obtained  b}^  placing  cloths  wet  with  alcohol  upon  the  tube  and 
directing  a  stream  of  air  from  a  fan  upon  it.  The  curves  indicate 
that  this  difference  of  temperature  makes  a  far  greater  difference  in 
the  current  for  wire  negative  than  for  wire  positive,  both  currents 
showing  an  increase  for  higher  temperature  as  might  be  expected. 

18.  The  Nature  of  the  Surface  of  the  Wire  and  the  Metal  of 
the  Wire.— The  fact  that  the  starting  point  of  the  negative  corona 
was  influenced  by  dust  particles  on  the  wire  suggested  that  a  careful 
study  should  be  made  of  the  corona  from  different  surfaces  and  from 
different  wires :  It  was  decided  to  use  wires  having  polished,  corroded, 
and  mechanically  abrased  surfaces.  The  results  will  be  shown  in  the 
following  paragraphs: 

(1)  In  the  preparation  of  the  polished  surfaces  care  was  taken 
in  choosing  wires  without  kinks  or  surface  scratches.  These  wires  were 
polished  with  fine  emery  cloth  and  finished  with  chamois  and  jeweler's 
rouge  just  before  they  were  placed  in  the  tube. 

The  abrased  surfaces  were  prepared  by  rolling  the  wire  in  emery 
powder  between  two  hard  plane  surfaces.  Care  was  taken  to  have 
the  surfaces  abrased  uniformly  over  the  whole  length. 

The  corroded  surfaces  were  prepared  by  different  methods.  The 
surface  of  the  steel  wire  was  corroded  by  a  solution  of  nitric  acid, 
which  made  a  black  surface.  The  aluminum  wire  was  corroded  by 
allowing  it  to  remain  in  a  solution  of  sulphuric  acid  for  a  few  days. 
The  result  was  a  thin  white  coating.  For  copper  it  was  necessary  to 
oxidize  the  surface  by  passing  a  heating  current  through  the  wire  in 
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the  presence  of  oxygen.  Since  ozone  is  produced  by  the  corona  dis- 
charge in  air,  the  silver  wire  was  coated  with  a  layer  of  silver  peroxide 
by  allowing  the  corona  to  play  on  the  wire  for  some  time. 

(2)     The  results  of  starting  voltages  for  different  surfaces  and 
wires  are  shown  in  Table  2. 

Table  2 

Comparison  of  Starting  Voltages  for  Different  Surfaces  and  Wires 
All  wires  about  0.41  mm.  diameter 
Copper 


Polished 

Abrased 

Corroded 

Press, 
mm. 

Wire 

-                 + 

Volts. 

Press, 
mm. 

Wire 
Volts. 

Press, 
mm. 

Wire 

-                 + 

Volts. 

50 
252 
731 

1  700 

2  650 
6  010 

1  780 

2  600 
5  760 

53.2 
253 
743 

1  680 

2  550 
5  600 

1  820 

2  800 
6  200 

50.3 
250 

1  650 

2  010 

1  660 

2  500 

Steel 


51.6 
252.4 
727.6 

1  710 

2  600 
5  660 

1  710 

2  600 
5  960 

52.2 
253.2 
736 

1  690 

2  770 
4  560 

1  740 

2  770 
5  830 

52.3 

252 
739.4 

1  750 

2  550 
4  810 

1  700 

2  710 
5  760 

50 
251 
741.1 

1  760 

2  820 
5  880 

1  720 

2  900 
6  180 

1 

52 
251.5 
741 

1  660 

2  490 
5  010 

1  800 

2  900 
5  800 

51.9 
252 
745.3 

1  240 

2  370 
4  680 

1  690 

2  660 
5  880 

Silver 


53.2 
252.1 

744.8 

1  850 

3  150 

4  210 

1  820 
3  050 
6  130 

52.3 
252.2 
743.2 

1  730 

2  600 
5  060 

1  740 

2  900 
5  850 

52.5 
252.2 

746 

1  850 
3  150 
5  760 

1  780 
3  000 
6  320 

The  results  shown  in  this  table  can  be  discussed  for  each  of  the  sur- 
face conditions  of  the  wire,  and  for  each  condition  three  pressures 
will  be  considered. 

(3)  The  general  appearance  of  the  corona  is  the  same  for  all 
polished  positive  wires  and  differs  only  slightly  for  negative  wires  at 
different  pressures.  At  pressures  of  nearly  50  mm.  when  the  poten- 
tial is  brought  up  to  the  glow  potential,  wire  positive,  a  very  faint 
flashing  glow  appears  over  the  whole  length  of  the  wire  and  becomes 
uniform  and  steady  as  the  potential  is  raised  slightly.  The  potential 
may  be  carried  up  to  the  arcing  point  vnthout  changing  the  gen- 
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eral  appearance  of  the  uniform  glow.  The  oul}-  noticeable  change 
is  an  increase  in  the  briglitness  of  the  bluish  glow. 

For  pressures  of  50  mm.  and  for  negative  wire,  the  first  appear- 
ance of  the  corona  is  a  flashing  glow,  similar  to  that  for  positive  wire 
but  of  much  greater  diameter  and  brightness.  Increasing  the  potential 
causes  this  glow  to  remain  steady  on  the  wire,  to  become  uniform  and 
to  be  very  bright.  Very  little  current  flows  until  a  stage  is  reached 
not  far  above  the  starting  point,  where  the  bright  uniform  glow  breaks 
into  large,  clear,  characteristic,  negative  beads.  The  current  then 
increases  rapidly  with  the  potential.  As  the  potential  is  increased  the 
beads  increase  in  number  but  remain  large  and  well  defined. 

For  the  polished  surfaces  and  with  a  pressure  of  50  mm.  the 
negative  corona  on  copper  begins  at  a  lower  potential  than  the  posi- 
tive. Corona  appears  at  the  same  potential  for  both  polarities  in 
steel,  but  for  aluminum  and  silver  the  positive  glow  begins  at  the 
lower  potential.  Table  2  shows  no  general  law.  With  the  exception 
of  the  silver  wire  at  a  pressure  of  746  mm.  the  starting  potential  for 
the  corroded  wire  is  smaller  for  both  polarities  than  for  the  polished 
wire.  For  the  negative  abrased  wire  the  starting  point  is  in  general 
lower  than  for  the  polished  wire  with  only  two  exceptions.  "With  the 
exception  of  silver  the  starting  point  of  the  abrased  positive  wire  is 
higher  than  that  of  the  polished  wire.  With  increasing  pressure  the 
differences  involved  by  abrasion  and  corrosion  diminish.  The  largest 
influence  is  found  for  aluminum  wire,  negative  corroded  at  51  mm. 

For  pressures  of  nearh*  250  mm.  the  glow  for  wires  positive  is  the 
same  as  for  pressures  of  50  mm.,  being  uniform  and  increasing  in 
brightness  as  the  potential  increases.  For  wires  negative  and  pol- 
ished it  is  almost  impossible  to  break  the  glow  up  into  clear-cut  beads 
at  this  pressure.  With  increasing  potential  the  glow  becomes  brighter 
and  condenses  at  certain  ill-defined  points,  apparently  attempting  to 
form  beads,  but  these  condensed  regions  move  rapidly  back  and  forth 
along  the  wire. 

For  atmospheric  pressure,  wires  polished  and  positive,  the  glow 
appears  faint  but  uniform  and  increases  in  brightness  as  the  poten- 
tial is  increased.  For  negative  wires  a  faint  flashing  glow  appears 
at  break-down  potentials  and  increases  in  brightness  with  the  poten- 
tial increase.  A  very  few  scattered  beads  form  at  times,  but  they  are 
small   and  unstable  with  very  rapid  lateral    motion.     This   motion 
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Fig.  21.    A  Comparison  of  the  Glow  on  Abrased,   Polished,  and  Corroded 
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Fig.  22.    A  Comparison  of  the  Glow  on  Enameled  and  Polished  Surfaces 
OF  German  Silver  Wire 
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increases  in  amplitude  and  speed  with  increasing  voltage.     Clear  cut 
beads  over  the  whole  wire  are  impossible  here  as  in  the  last  case. 

(4)  With  wire  surface  mechanically  abrased  or  roughened  and 
pressure  of  50  mm.,  the  positive  glow  begins  with  faint  flashes  as 
with  the  polished  surfaces;  then  becomes  steady  and  uniform 
and  increases  in  brightness  as  the  potential  is  increased.  The 
starting  glow  voltage  is  in  general  higher  than  for  the  positive 
polished  wires,  and  is  also  higher  than  for  the  abrased  negative 
wires.  For  wires  abrased  and  negative  the  corona  begins  with  bright 
flashes  of  a  fuzzy  glow,  part  of  which  may  have  one  or  two  large 
flashing  beads.  This  flashing  glow  seems  to  pulsate  in  synchronism 
with  the  impulses  of  the  driving  machinery.  A  slight  potential  in- 
crease above  the  first  noticeable  glow  causes  the  glow  to  break  into 
well-defined  beads  which  soon  become  steady  and  clear  and  which 
increase  in  number  with  a  potential  increase.  The  negative  starting 
voltage  for  abrased  wires  is  lower  than  for  the  polished  surfaces. 

For  wires  abrased  and  pressure  of  250  mm.  the  positive  visual 
glow  is  the  same  as  for  pressure  of  50  mm.  The  positive  starting 
potential  is  in  general  higher  than  for  the  negative  abrased  and  also 
positive  polished  surfaces.  The  negative  glow  voltage  causes  very 
faint  "spears"  or  small  brushes  of  light  to  flash  from  sharp  points 
here  and  there  on  the  rough  surface.  These  spears  increase  in  size 
and  number  with  increased  potential,  some  being  much  brighter  than 
others.  As  the  potential  is  increased  these  spears  unite  into  definite, 
clear  beads  which  at  times  may  be  very  steady  and  at  other  times  may 
have  more  or  less  violent  lateral  movements.  The  negative  starting 
voltage  for  abrased  surfaces  is  much  smaller  than  for  the  polished 
surfaces. 

At  atmospheric  pressures  the  positive  glow  on  the  abrased  wire 
surfaces  usually  begins  with  a  few  small  flashing  purple  streamers 
or  brushes  extending  from  the  wire  almost  to  the  tube.  These  stream- 
ers are  similar  in  appearance  to  the  positive  fans  and  to  the  streamers 
emitted  from  the  surface  of  the  enamel  covered  wire,  Figs.  21  and  22. 
These  streamers  increase  in  brightness  and  are  accompanied  by  a  soft 
glow  as  the  potential  is  increased.  After  a  certain  increase  in  the 
voltage  has  taken  place,  these  streamers  disappear  and  only  the  uni- 
form glow  remains  and  increases  in  brightness. 

For  the  abrased  negative  wire  at  atmospheric  pressure  the  corona 
starts  with  small  flashing  spears  the  same  as  for  the  abrased  wire  at 
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250  mm.  These  spears  increase  in  number  verj-  rapidlj'  with  an  in- 
crease in  voltage,  some  of  them  collecting,  so  to  speak,  into  small 
bright  beads  and  then  breaking  up  again.  As  the  potential  continues 
to  increase,  the  beads  become  more  steady  and  definite,  so  that  at 
times  the  abrased  wire  may  be  covered  with  many  small,  bright,  steady, 
and  evenl}^  spaced  beads. 

(5)  The  positive  visual  corona  for  corroded  surfaces  is  essenti- 
ally the  same  for  all  pressures  as  has  been  described  for  the  abrased 
surfaces.  At  low  pressures  it  begins  with  a  faint  flashing  glow  which 
becomes  steady  and  uniform  and  which  increases  in  brightness.  At 
pressures  of  250  mm.  the  appearance  is  the  same  as  described  for  the 
abrased  surfaces,  and  for  atmospheric  pressure  the  corona  may  start 
with  the  small  purple  brushes  or  fans  and  an  accompanying  flow, 
the  fans  soon  disappearing  and  the  glow  becoming  uniform  and  in- 
creasing in  brightness.  The  positive  glow  generally  begins  at  lower 
voltages  for  the  corroded  surfaces  than  for  the  polished  surfaces. 

The  negative  visual  corona  for  the  corroded  surfaces  is  likewise 
similar  to  that  for  abrased  surfaces  at  different  pressures.  Clear  cut 
and  steady  beads  are  obtained  at  the  lower  pressures  but  are  not  so 
stable  for  the  higher  pressures.  In  general  the  negative  starting 
voltage  is  lower  than  for  polished  surfaces. 

(6)  In  order  to  show  a  few  results  photographically  a  wire  hav- 
ing one-third  of  its  length  polished,  one-third  corroded,  and  one-third 
mechanically  abrased  was  placed  in  a  tube  with  a  longitudinal  slot, 
and  photographs  were  taken  when  the  corona  was  on  the  wire.  Fig. 
21  contains  photographs  of  the  negative  wire,  the  left  end  being 
abrased,  the  center  polished,  and  the  right  end  chemically  corroded. 

These  photographs  show  that  the  beads  begin  on  the  polished 
surface,  that  the  corroded  surface  shows  no  glow,  and  that  the  abrased 
surface  has  only  a  slight  brush  discharge  on  it.  The  beads  on  the 
polished  surface  are  very  large,  clear,  steady,  and  evenly  spaced. 
Fig.  21,  h  shows  the  effect  of  a  slight  increase  in  voltage  where  the  glow 
now  appears  on  the  corroded  surface  and  the  beads  begin  to  form  on 
the  abrased  surface.  Gradually  increasing  the  voltage  and  the  pres- 
sure as  well  causes  the  glow  to  become  brighter  on  the  polished  sur- 
face and  the  beads  to  increase  in  number  on  the  abrased  and  cor- 
roded surfaces.  The  beads  on  the  abrased  portion  have  a  lateral  move- 
ment, while  those  on  the  polished  part  are  still  very  steady  and  clear. 
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With  a  still  greater  increase  in  pressure  and  voltage  it  is  possible 
to  reach  a  condition  where  the  whole  length  of  the  wire  is  covered 
with  clear,  steady,  and  evenly  spaced  beads  (Fig.  21,  c).  Here  it 
seems  that  the  surfaces  all  act  very  nearly  the  same  in  the  formation 
and  building  of  the  corona  discharge. 

When  the  pressure  is  increased  to  370  mm.  and  the  voltage  is 
sufficiently  high  to  produce  the  discharge,  the  corona  starts  first  on 
the  abrased  portion  and  only  on  this  part  can  steady,  clear  beads  be 
obtained  (See  Fig.  21,  e).  The  beads  on  the  corroded  part  are  fairly 
well  defined,  but  they  are  in  an  agitated  state.  Under  these  conditions 
it  is  found  impossible  to  get  steady  beads  on  the  polished  part  of  the 
wire ;  instead  of  the  clear  beads  there  is  a  rather  knobby  glow  on  the 
wire,  the  condensations  in  which  seem  to  be  beads  trying  to  form. 

This  reversal  of  the  phenomena,  the  clear  beads  forming  on  the 
polished  surface  at  low  pressures  and  on  the  abrased  surface  at  high 
pressures  as  shown  in  Fig.  21,  actually  occurred  for  steel  wire.  The 
corona  starts  first  on  the  polished  wire  for  low  pressure  and  begins 
on  the  abrased  or  corroded  wire  at  much  lower  potentials  for  high 
pressures. 

An  enameled  german  silver  wire  was  fitted  into  the  tube  after  half 
of  its  length  had  been  freed  from  the  enamel  and  polished.  At  low  pres- 
sures for  the  positive  wire  the  characteristic  glow  appeared  on  the 
polished  end.  The  enameled  end  had  several  small  starlike  spots  of 
light  which  were  irregularly  distributed  and  which  appeared  at  points 
where  the  insulation  had  failed.  Keeping  the  wire  positive  and  in- 
creasing the  voltage  caused  very  bright  "streamers"  of  purple  light 
to  shoot  from  a  few  of  these  small  stars.  At  higher  pressure  and 
higher  voltage  these  streamers  increased  greatly  in  number,  the  glow 
spreading  out  into  a  thin  fan-shape.  This  fan  slowly  oscillated  about 
the  bright  spot  on  the  wire  as  a  center.  Between  the  fans  a  hazy 
fog-like  glow  was  present.  When  an  arc  was  placed  in  series  with 
the  wire  and  the  tube,  this  fog  disappeared  and  the  fans  became  more 
sharply  defined  and  steadier  than  they  were. 

For  the  wire  negative  (see  Fig.  22,  e)  it  was  not  possible 
imder  any  conditions  to  get  the  characteristic  negative  beads  nor 
could  a  glow  be  produced  on  the  polished  end.  The  only  discharge 
present  was  on  the  enameled  end  and  was  similar  in  appearance-  to 
the  small  stars  for  the  positive  wire.  For  the  negative  wire,  how- 
ever, the  stars  were  intensely  bright  and  in  slight  movement.     Fig. 
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Fig.  23.     Structure  of  the  Positive  Purple  Fans,  under  Conditions  given  in 

Fig.  22. 
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22  shows  the  appearance  of  the  discharge  from  the  enameled  wire 
when  it  is  both  positive  and  negative.  Fig.  23  gives  details  of  the 
structure  of  the  positive  purple  fans.  For  the  enameled  wire  nega- 
tive the  starting  potential  was  much  lower  than  for  the  opposite 
polarity. 

(7)  The  curves  in  Fig.  24  are  taken  for  varying  sizes  and  differ- 
ent surfaces  of  copper  wire. 

In  e,  Fig.  22,  the  surprising  fact  is  shown  that  the  negative 
discharge  passes  through  the  enameled  part  of  the  wire,  while  the 
free  metal  surface  shows  no  trace  of  a  glow.  The  curves  show 
that  the  effect  of  alirasion  in  general  lowers  the  starting  point 
for  copper  wires  at  atmospheric  pressure.  The  curves  for  the 
negative  abrased  wire  are  widely  displaced  from  those  of  the  pol- 
ished wire;  thus  it  is  shown  more  current  flows  in  the  corona  dis- 
charge for  the  same  voltage  for  wire  abrased  than  for  the  smooth  wire. 
The  curves  showing  the  discharge  for  the  positive  abrased  wire  quickly 
cross  those  for  the  polished  wire  and  then  continue  to  rise  slightly  dis- 
placed, less  current  flowing  for  the  same  potential  abrased  than  for 
polished.  The  abrased  surface  has,  thus,  the  effect  of  restraining  the 
flow  of  the  positive  current. 

The  effect  of  abrasion  is  much  greater  in  the  negative  than  in 
the  positive  current.  The  curves  also  show  that  this  effect  is  greater 
for  the  larger  wires,  as  might  be  expected.  The  higher  starting 
potential   for  the   larger  wires   is   also   evident. 

The  negative  current  builds  up  very  slowly  at  first  on  the  pol- 
ished surface  but  finally  reaches  a  point  where  it  builds  up  much 
faster  than  the  positive,  and  at  this  point  the  beads  are  formed.  The 
starting  voltage  for  the  abrased  surface  negative  is  much  lower  than 
for  polished  surface  negative.  The  characteristic  curve  of  the  abrased 
wire  is  a  smooth  rising  one  which  eventually  crosses  the  polished 
negative  curve  for  large  current  values.  This  same  phenomenon  has 
been  observed  for  different  metals. 

Fig.  25  gives  the  characteristic  positive  and  negative  curves  for 
aluminum  wires  at  about  50  mm.,  and  shows  the  effect  of  the  three 
surface  conditions, — namely,  polished,  abrased,  and  corroded.  The 
starting  positive  wire  voltage  for  the  smooth  surface  is  slightly  lower 
than  that  of  the  negative,  but  the  curves  cross  low,  the  positive  cur- 
rent building  up  slowly  with  increased  potential  while  the  negative 
curve  is  almost  a  straight  line  which  rises  very  rapidly.    The  positive 
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starting  potential  is  higher  for  tht'  abrased  surface  than  for  the 
polished,  while  that  for  the  negative  abrased  surface  is  lower.  The 
negative  polished  and  abrased  surface  eur\^es  cross,  but  the  positive 
do  not.  For  the  corroded  surface  the  positive  glow  voltage  is  about 
the  same  as  for  the  polislied  surface,  the  curve  for  the  former  condi- 
tion becoming  displaced  shortly,  less  current  flowing  for  the  same 
voltage.  The  negative  starting  potential  is  very  much  lower  in  the 
latter  case  than  that  for  the  polished  surface,  but  crosses  at  a  low 
current  value  and  rises  to  the  right,  less  current  flowing  for  the  same 
potential. 

Thus  it  is  seen  that  the  surface  condition  has  a  very  marked 
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effect  on  the  starting  point  of  the  corona  as  well  as  on  the  character- 
istic curves.  All  the  wires  were  about  0.41  mm.  in  diameter.  In 
general  the  abrased  surface  has  the  effect  of  lowering  the  starting 
potential  for  negative  wire  and  raising  it  for  positive  Avire.  The  start- 
ing point  for  both  positive  and  negative  corona  in  the  case  of  corroded 
wires  is  in  general  lower  than  that  for  the  polished  surfaces,  but  the 
corroded  surface  characteristics  behave  in  rather  an  erratic  manner, 
sometimes  being  displaced  in  one  way  and  sometimes  in  the  opposite. 

Table  3  gives  a  comparison  between  the  corroded  and  polished 
wire  characteristics  for  both  positive  and  negative  surfaces  at  dif- 
ferent pressures. 

The  curves  in  Fig.  26  show  a  comparison  between  the  character- 
istics of  different  metals.  Very  marked  differences  are  evident  in  the 
characteristic  curves  and  show  directlv  that  the  metal  itself  has  a 


Table  3 


Comparison  of  Corroded  with  Polished  Wire  Characteristics 

Copper 


Wire 

Press 

Starting  Pot. 

Corroded  Surface  Characteristic 

-t- 

-1- 

50.2 

50.4 

250.0 

250.8 

Lower 

Raised 

Crosses  high 
Raised 

Steel 


_ 

53.2 

Higher  (press.  di£F.) 

Crosses  high 

-1- 

52.4 

Lower 

"              " 

252.0 

" 

"         low 

+ 

252.4 

" 

Lowered 

739.4 

" 

Crosses  high 

+ 

739.4 

** 

"         low 

Alumixtjm 


51.9 

Lower 

Crosses  low 

-1- 

51.9 

"            " 

252.0 

"         midway 

252.0 

" 

Raised 

745.3 

Crosses  midway 

+ 

745.4 

Raised 

Silver 


52.5 

Same 

Lowered 

+ 

52.5 

Lower 

" 

252.2 

Same 

Crosses  low 

-1- 

252.2 

Lower 

"         midway 

745.8 

Higher 

liOwered 

+ 

746.1 

** 

" 
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part  to  play  in  the  eoroua  formatiou.  The  positive  and  negative 
characteristics,  especially  for  aluminum,  become  widely  separated  for 
large  currents.  The  curves  for  the  other  metals  separate  at  different 
rates  for  increasing  current  values,  but  in  such  a  manner  that  each 
metal  behaves  in  its  own  characteristic  way. 

Slight  differences  in  the  starting  points  for  the  different  metals 
were  noticed;  these  differences,  however,  are  of  such  a  nature  that 
they  cannot  be  explained  as  being  experimental  errors.  Steel  and 
copper  seem  to  have  about  the  same  starting  point,  while  that  for 
aluminum  is  a  little  higher  and  silver  has  a  value  still  greater.  The 
different  metals  not  only  affect  the  behavior  of  the  characteristic 
curves  but  also  the  starting  points  of  the  corona  glow. 

The  formation  and  number  of  the  negative  beads  depend  not 
only  on  the  pressure  and  potential,  but  also  on  the  surface  condition 
and  the  material  of  the  wire.  The  current  per  bead  is  larger  for  the 
abrased  and  corroded  surfaces  than  for  the  polished  surface,  with  the 
assumption  that  the  whole  current  is  to  be  carried  by  the  beads.  For 
an  increase  in  pressure  it  is  also  seen  that  the  current  per  bead  is 
much  less  for  the  polished  surface  than  for  the  others,  but  the  beads 
are  smaller  in  size.  For  the  higher  pressures  it  takes,  however,  a 
larger  voltage  to  produce  the  same  number  of  beads.  For  the 
lower  pressures  the  beads  have  about  the  same  degree  of  stability 
for  all  the  different  surfaces,  while  for  higher  pressures  the  beads 
are  more  stable  on  the  abrased  or  corroded  surfaces  than  on  the 
polished,  it  being  almost  impossible  to  get  definite  beads  on  the 
polished  wire  for  atmospheric  pressures. 

The  number  of  beads  increases  rapidly  vnth  increasing  voltage. 
Here  again  the  effect  of  the  materials  is  compared.  For  the  produc- 
tion of  the  same  number  of  beads  it  takes  in  general  a  greater  voltage 
on  the  steel  than  on  the  copper  and  aluminum  wires. 
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CHAPTER  VI 

Alternating   Current  Rectification 

19.  Suggested  hy  a  Comparison  of  the  Air  and  Hydrogen 
Characteristic  Curves. — Fig.  9  shows  that  the  discharges  through  air 
and  hydrogen  were  very  similar  in  so  far  as  the  variation  between 
critical  voltage  and  radius  and  pressure  are  concerned.  The  curves 
in  Fig.  27  show  clearly  the  difference  between  the  corona  in  air  and 
in  hydrogen.     The  two  curves  on  the  left  side  of  the  figure  refer  to 
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hydrogen,  while  the  curves  on  the  right  show  results  obtained  with 
air.  The  data  for  these  curves  were  obtained  with  wires  of  approxi- 
mately the  same  diameter.  These  curves  show  two  distinct  differ- 
ences between  corona  in  air  and  in  hydrogen. 

In  air  the  positive  corona  starts  at  a  lower  voltage  than  the  nega- 
tive, while  the  reverse  is  true  when  the  dielectric  is  hydrogen.  The 
other  and  more  important  difference  is  the  entire  dissimilarity  of  the 
positive  and  negative  curves  with  hydrogen.  This  difference  has 
not  been  found  with  air.  A  single  glance  at  this  curve  shows  that 
corona  in  hydrogen  between  a  wire  and  a  tube  is  an  effective  means 
of  accomplishing  rectification.  This  statement  is  true  since  large 
currents  may  be  obtained  from  a  negative  wire  with  voltages  which 
will  give  little  or  no  current  from  a  positive  wire.  This  rectification 
may  be  accomplished  with  the  wire  cold  and  is  not  a  case  of  rectifica- 
tion by  means  of  a  hot  cathode.  The  principal  of  electron  emission 
from  a  hot  cathode  might  be  used,  however,  in  connection  with  the 
corona  rectification. 

20.  Description  of  Apparatus  and  Tests. — To  show  that  recti- 
fication was  possible  the  corona  tube  was  connected  to  an  alternating 
source  of  voltage.  A  sensitive  oscillograph  element  was  connected 
directly  in  series  with  the  corona  tube  and  another  element  was  con- 
nected across  the  primaries  of  the  transformei-s.  A  diagram  of  the 
connections  is  shown  in  Fig.  28. 

21.  Oscillograms  and  Their  Interpretation. — Fig  29  gives  the 
current  and  voltage  curves  when  an  alternating  voltage  is  impressed 
across  a  corona  tube.  The  curve  having  both  positive  and  negative 
lobes  represents  the  voltage.  The  non-sjTnmetrical  character  of  this 
curve  is  due  to  the  drop  in  the  resistance  in  series  with  the  prima- 
ries of  the  transformers.  The  curve  lying  mainly  below  the  axis 
represents  the  current  flowing  between  the  wire  and  tube.  The  part 
of  this  curve  slightlj^  above  and  slightly  below  the  axis  is  of  the  same 
shape  and  order  of  magnitude  as  the.  charging  current  of  the  con- 
denser formed  by  the  wire  and  ejdinder.  This  fact  was  determined 
by  an  oscillogram  taken  at  a  voltage  slightly  less  than  that  necessary 
to  form  corona. 

The  voltage  at  which  negative  corona  starts,  as  shown  in  this 
oscillogram,  is  approximately  twice  the  voltages  acrcss  the  tube  at  the 
instant  that  the  discharge  ceases. 
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The  rectification  with  corona  in  hydrogen  is  practically  perfect  as 
is  shown  by  the  oscillograms  in  Figs.  29  and  30. 

In  an  investigation,  interrupted  by  the  World  War,  J.  W.  Davis 
has  shown  that  alternating  currents  may  be  perfectly  rectified 
up  to  42,000  volts  made  effective  by  means  of  the  corona  in  hydrogen. 
The  rectification  is,  however,  not  of  very  high  efficiency  as  a  large  part 
of  the  energy  is  transformed  into  heat  in  the  corona  tube.  For  a 
given  gas  pressure  the  maximum  voltage  which  may  be  rectified  or, 
in  other  words,  the  voltage  at  which  the  are  sets  in  between  the 
coaxial  cylinders  is  nearly  directly  proportional  to  the  radius  of  the 
outer  cylinder,  when  the  radius  of  the  inner  cylinder  is  small  com- 
pared with  that  of  the  outer  cylinder.  In  order  to  improve  the  ef- 
ficiency of  the  rectification  the  central  wire  was  heated.  An  incan- 
descent wire  gave  rise  to  the  corona  discharge  at  voltages  much  lower 
than  those  necessary  to  start  a  discharge  from  a  cold  wire.  The  initial 
state  of  ionization  around  the  wire  has  a  very  marked  effect  on  the 
critical  corona  voltage.  When  the  central  Avire  is  heated  to  incandes- 
cence and  then  the  high  voltage  applied,  the  temperature  of  the  wire 
will  change  very  much,  especially  towards  the  ends  where  the  wire 
appears  almost  dark,  while  in  the  middle  the  temperature  may  fall 
to  that  of  dull  red  heat.  This  fall  of  temperature  is  undoubtedly  due 
to  the  wind  set  up  in  the  corona.  Fig.  31,  from  Davis'  unpublished 
paper,  will  show  a  rectification  at  42,000  volts. 
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Fig.  28.    DiAGKAii  of  Connections  for  Alternating  Current  Rectification 

IN  Hydrogen 
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Fig.  29.     Oscillogram 


Fig.  30.    Oscillogram 


Fig.  31.     Oscillogram   Showing   Rectification   at  42,000   Volts 
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CHAPTER  VII 

Distribution  of  Potential  in  the  Corona  Tube 

In  order  to  develop  any  complete  corona  theory  a  knowledge  of 
the  distribution  of  the  potential  between  the  electrodes  is  necessary. 
The  distribution  of  potential  between  the  wire  and  the  coaxial  cyl- 
inder was  investigated  in  the  following  manner, 

22.  Method,  and  Apparatus. — A  hole  was  drilled  in  the  side  of 
a  cjdinder,  and  an  insulated  wire  terminating  in  a  bare  spherical  tip 
was  arranged  so  that  it  could  be  moved  radially  between  the  wire 
and  the  tube.  A  micrometer  microscope  directed  on  a  fixed  point  of 
the  movable  wire  served  to  determine  the  relative  position  of  the 
point.  An  electrostatic  voltmeter  of  small  capacity  was  connected 
in  series  with  the  exploring  point  and  the  tube. 

When  the  point  was  moved  to  any  position  in  the  radial  field, 
the  voltmeter  quickly  showed  a  constant  deflection  and  indicated  that 
the  potential  of  the  point  was  in  equilibrium  with  that  of  the  field 
at  that  particular  place.    By  moving  the  exploring  point  from  the  tube 
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Fig.  32.    Diagram  of  Connections  of  Apparatus  foe  Determining  the 
Distribution  of  Potential  in  the  Corona  Tube 
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to  the  wire  and  observing  the  voltmeter  readings  at  certain  intervals, 
one  obtained  a  comparatively  accurate  estimate  of  the  intensity  of  the 
field.  The  apparatus  and  connections  are  shown  in  Fig.  32.  The  tube 
used  in  this  investigation  was  35.5  cm.  long  and  7  cm.  in  diameter. 
The  wire  was  copper,  well  polished,  and  stretched  tightly.  In  all, 
four  wires  were  used,  No.  40,  No.  32,  No.  28,  No.  20,  B.  &  S.  gage. 
Since  it  was  necessary  to  work  at  pressures  lower  than  atmospheric, 
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a  glass  tube  was  sealed  over  the  exploring  rod  and  arranged  with 
ground  points  and  springs  so  that  the  point  might  move  at  will  with- 
out destrojnng  the  constant  pressure. 

23.  Results  Ohtaiiied. — By  this  method,  curves  -s^ere  taken  for 
various  pressures  and  voltages  after  the  appearance  of  the  corona. 
Representative  curves  are  shown  in  Fig.  33,  and  the  conditions  under 
which  each  curve  was  taken  are  given  in  Table  4. 

For  the  smaller  wires  it  was  found  difficult  to  obtain  data  for 
curves  w^hen  the  wire  was  negative,  because  the  voltmeter  woidd  not 
come  to  rest  and  give  a  definite  reading.  For  a  No.  32  wire,  when  the 
wire  was  negative,  two  curves  sho^wn  in  Fig.  33C  were  taken  before 
the  corona  appeared,  also  a  portion  of  a  curve  for  a  voltage  at  which 
there  w^as  a  distinct  series  of  beads  along  the  wire. 

Curves  were  also  obtained  for  No.  28  and  No.  20  wire  when  tlie 
wires  were  negative,  the  same  general  characteristics  being  exhibited 
in  each. 

Curve  4,  Fig.  33B,  shows  the  distribution  of  potential  as  given 
by  electrostatic  theory.  This  theory  assumed,  of  course,  that  there 
are  no  charges  in  motion  in  the  gas :  that  is,  that  there  is  no  current. 
It  is  seen  that  the  actual  distribution  is  very  different  from  what  it 


Table  4 
Table  op  Data  for  Curves 


Figure 

Curve 

Wire 
B.  &S. 

Voltage 

/  Amperes 

P  Mm.  of  Hg. 

Temp. 
C. 

1 

Remarks 

Gage 

. 

334 

1 

32 

6  510 

4.17.10—8 

747 

25° 

No  glow 

2 

32 

6  825 

1.91.10—6 

747 

26° 

'  Distinct  glow 

3 

32 

7  425 

1.91.10—5 

747 

26° 

,  Good  glow 

4 

32 

8  400 

5.94.10—5 

747 

26° 

Good  glow 

5 

32 

9  900 

9.54.10—5 

747 

26° 

Bright  glow 

33fi 

1 

32 

6  825 

1.91.10—6 

747 

26° 

;  Distinct  glow 

2 

32 

6  825 

2.03.10—4 

241 

24° 

1  Bright  glow 

3 

32 

6  825 

3.46.10—4 

885 

24° 

Brilliant  glow 

4 

32 

6  825 

Electrostatic 

curve 

33C 

1 

32 

5  050 

1.79.10-8 

744 

26° 

No  glow 

2 

32 

5  650 

2.39.10—6 

744 

26° 

A  few  dull  beads 

3 

32 

7  250 

3.10.10—5 

744 

26° 

Beads  1  cm.  apart 

33D 

1 

40 

4  520 

4.77.10—8 

740 

22° 

No  glow 

2 

40 

4  700 

1.19.10—6 

740 

22° 

Distinct  glow 

3 

40 

6  500 

2.26.10—5 

740 

22° 

1  Good  glow 

4 

40 

8  400 

8.29.10—5 

740 

22° 

j  Good  glow 

5 

40 

9  900 

1.67.10-4 

740 

22° 

'  Brilliant  glow 

6 

40 

8  400 

Electrostatic 

curve 
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would  be  if  there  were  no  current.     The  detailed  discussion  of  the 
curves  will  be  considered  under  the  two  polarities. 

In  general  for  the  positive  wire  the  space  between  the  anode  and 
the  cathode  may  be  broken  up  into  four  regions : 

(1)  A  region  immediately  surrounding  the  wire,  which 
is  characterized  by  a  very  large  potential  gradient.  This  gradi- 
ent may  be  due  to  the  excess  of  the  number  of  ions  or  electrons 
approaching  the  electrode  over  the  number  of  those  leaving, 
since  the  former  number  includes  ions  generated  at  all  parts  of 
the  field ;  whereas  the  latter  contains  only  ions  that  are  generated 
in  the  narrow  layer  close  to  the  wire.  It  is,  therefore,  evident 
that  the  charges  on  the  excess  of  negative  ions  near  the  wire 
disturb  the  electric  field  so  that  the  potential  difference  per 
centimeter,  or  the  gradient,  is  large  near  the  surface  of  the  wire. 

(2)  A  region  of  approximately  constant  force  extending 
from  the  "surface  layer"  region  adjacent  to  the  wire  to  a  point 
which  varies  with  the  pressure,  current,  and  voltage.  At  the 
higher  voltages,  the  actual  potential  at  a  given  point  in  this 
region  is  greater  than  the  theoretical  electrostatic  potential,  and 
the  tangent  to  the  curve  may  be  either  greater  or  less. 

(3)  A  region  of  little  or  no  force  near  the  tube,  but  not 
touching  it. 

(4)  A  region  adjacent  to  the  tube,  where  positive  charges 
accumulate  and  form  an  abrupt  cathode  drop  of  potential. 

When  the  wire  is  negative  and  corona  appears,  a  potential  curve 
is  obtained  which  differs  somewhat  from  the  positive  curves.  Large 
cathode  and  anode  drops  appear,  and  the  intervening  space  has  a 
very  small  field.  Reasoning  similar  to  that  which  explains  the  shape 
of  the  curves  when  the  wire  is  positive  explains  the  negative  curves. 

So  in  general,  the  anode  and  cathode  drops  of  potential  are  pre- 
dominant in  both  types  of  curves.  There  are  several  reasons  for  this : 
namely, 

(1)  Polarization  potential  betw^een  a  metal  and  a  gas. 

(2)  Accumulation  of  ions. 

(3)  Reflection  of  ions. 

(4)  Different  velocities  of  positive  and  negative  ions. 

(5)  A  non-uniform  field. 
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For  a  system  where  the  potential  at  a  point  is  due  to  moving 
charges  as  well  as  static  charges,  there  is  Poisson's  equation  express- 
ing the  density  in  terms  of  the  potential 

or,  expressed  in  cylindrical  coordinates. 


52y        1  57        1  dW  ■    g^F  _ 

(:r-'    '^  r  8r  '^  f'  bcb^  "^   Bz''  ~  '^ 


For  this  particular  case,  the  derivatives  in  z  and  </>  are  zero;  so 
rewriting  this  equation  and  using  total  derivatives  gives 
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Since  the  density  is  an  undetermined  function  of  the  radius, 
the  equation  cannot  be  integrated  directly.  If,  however,  the  potential 
is  plotted  against  the  distance  from  the  axis,  a  graphical  method  will 
aid  in  the  determination  of  the  density ;  that  is,  if  the  first  derivative 
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Fig.  34.      Experimental   Curve 
Distribution  of  Potential 
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of  the  potential  is  determined  from  the  curve  for  a  series  of  values 
of  r,  these  new  values  may  be  plotted  against  the  radius  again.  Re- 
peating this  process  with  the  derived  curve  gives  a  relation  between 
the  second  space  derivative  and  tlie  radius.  From  these  two  derived 
curves,  then,  the  density  may  be  computed  according  to  equation  (8). 

Fig.  34  is  a  curve  of  the  same  type  as  curve  4  in  Fig.  33A,  and 
Fig.  35  shows  the  density  as  computed  for  the  different  values  of  r. 

The  density  curve  shows  that  which  was  deduced  intuitively  in 
regard  to  the  changes  necessary  to  produce  the  observed  distortion 
of  the  field.  The  large  resultant  negative  charge  near  the  positive 
wire  and  the  positive  charge  near  the  negative  tube  should  be  expected. 
A  peculiar  maximum  appears  about  2.7  cm.  from  the  wire. 

Sources  of  error  are  found  in  the  potential  assumed  by  a  sphere 
in  an  ionized  gas.  It  is  difficult  to  draw  conclusions  concerning  the 
absolute  potential  of  a  sphere  in  a  conducting  gas,  since  it  is  very 
likely  that  the  potential  at  an  undisturbed  point  in  a  gas  is  not  the 
same  as  the  potential  assumed  by  a  sphere  when  its  center  is  at  this 
point. 

In  a  sphere  near  the  positive  electrode,  the  potential  being  initi- 
ally the  same  as  that  of  the  gas,  two  streams  of  ions  move  in  opposite 
directions  past  the  side  of  the  sphere,  one  containing  a  large  number 
of  negative  ions  and  the  other  a  smaller  number  of  positive  ions.  The 
sphere  intercepts  more  negative  ions  than  positive  so  that  its  poten- 
tial falls  below  that  of  the  surrounding  gas.  The  charge  thus  ac- 
quired by  the  sphere  increases  until  the  effect  which  it  produces  in 
attracting  positive  and  repelling  negative  ions  causes  them  to  come 
in  contact  with  the  sphere  in  equal  numbers.  The  final  value  of  the 
potential  assumed  by  the  sphere  is  too  high  by  an  amount  which 
depends  upon  the  relative  velocities  of  the  positive  and  negative  ions. 

Conversely,  when  the  exploring  sphere  is  close  to  the  negative 
electrode,  there  is  a  greater  number  of  positive  than  negative  ions 
intercepted  so  that  the  potential  of  the  sphere  rises  above  the  poten- 
tial of  the  undisturbed  gas,  uutil  finally  an  equilibrium  is  reached. 
The  number  of  positive  charges  acquired  by  the  sphere  is  equal  to 
the  number  of  negative  charges;  thus  the  potential  assumed  by  the 
sphere  is  greater  than  that  of  the  undisturbed  gas.  If,  however,  the 
velocity  of  the  positive  ions  is  approximately  equal  to  that  of  the  nega- 
tive ions,  the  exploring  point  should  attain  very  nearly  the  same  poten- 
tial as  that  of  the  surrounding  gas.     For  the  pressures  used  in  this 
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series  of  experiments,  the  velocities  of  the  ions  are  nearly  the  same. 
The  error  introduced  could  not,  therefore,  have  been  very  great. 

A  slight  error  might  be  introduced  if  there  were  an  appreciable 
voltmeter  leakage  between  the  point  and  the  power  line.  The  shape 
of  the  point  also  affects  that  of  the  potential  curve  to  a  small  degree. 
The  voltmeters  used  were  practically  free  from  leakage,  and  the  work 
was  done  during  cold,  dry  weather ;  so  the  error  introduced  from  this 
cause  is  negligible. 
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CHAPTER  VIII 

The  Pressure  Increase  in  the  Corona 

Dr.  S.  P.  Farwell  was  the  first  investigator  to  discover  that  at 
the  instant  the  corona  appeared  on  the  wire  the  gas  pressure  in  the 
corona  tube  increased.  The  increase  appears  very  suddenly  and  also 
disappears  veiy  rapidly.  For  these  reasons  all  the  experimenters 
working  in  this  laboratory  have  maintained  that  the  pressure  in- 
crease could  not  be  due  to  heat.  It  has  been  suggested  that  it  might 
possibly  be  due  to  ionization.  This  assumption  is  a  possible  conse- 
quence of  the  present  theories  of  the  corona,  which  assume  it  to  be 
an  ionization  phenomenon.  These  theories  assume  that  the  high 
potential  differences  cause  the  few  ions  which  are  always  present  in 
a  gas  to  move  with  a  velocity  sufficiently  great  to  break  the  molecules 
with  which  they  collide  into  two  parts,  one  bearing  a  positive  and  one 
a  negative  charge.  All  these  charged  particles  then  move,  because  of 
the  influence  of  the  field,  toward  one  or  the  other  of  the  terminals. 
The  presence  of  these  ions  thus  explains  the  conductivity  of  the  gas, 
and  the  acceleration  of  the  ions  explains  the  light  effect.  If  the 
corona  is  an  ionization  phenomenon  one  would  expect,  provided  the 
corona  apparatus  were  enclosed,  at  the  instant  the  corona  appeared; 
i.  e.,  at  the  instant  the  molecules  were  broken  into  ions,  that  the  pres- 
sure in  the  apparatus  would  increase,  because  according  to  kinetic 
theory  the  greater  the  number  of  particles  in  a  given  volume  the 
greater  the  pressure.  Under  certain  circumstances  the  pressure  in- 
crease can  amount  to  as  much  as  3  cm.  of  mercury. 

Professor  Kunz  (9),  by  theoretical  considerations,  has  shown 
that  this  increase  in  pressure  should  be  exactly  proportional  to  the 
corona  current. 

Other  investigators  (10)  have  contended  that  the  pressure  in- 
crease could  be  completely  accounted  for  as  the  result  of  Joule's  heat 
and  that  the  assumption  that  it  is  due  to  ionization  is  untenable.  To 
support  this  contention  Arnold  performed  experiments  "by  elec- 
trically heating  the  central  wire  in  apparatus  similar  to  Farwell's" 
and  observed  the  pressure  increase.  With  such  an  apparatus  Arnold 
attempted  to  show:  (1)  that  an  increase  in  pressure  due  to  heat  ap- 
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Fig.  36.  Apparatus  for  Study  or  the  Pressure  Increase  in  the  Corona  Tube 
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pears  suddenly,  and  (2)  that  for  a  given  power  consumed  in  the  tube 
the  increase  in  pressure  due  to  heat  is  of  nearly  "the  same  magnitude 
as  those  observed"  in  the  corona. 

In  order  to  show  clearly  that  the  pressure  increase  is  not  due 
to  heat  a  series  of  comparative  experiments  was  performed  with  the 
pressure  increase,  caused  (1)  by  producing  the  corona  glow  on  the 
wire,  and  (2)  b.y  heating  the  central  wire.  The  pressure  increase 
observed  in  the  first  set  of  experiments  will  be  referred  to  as 
caused  hy  corona  and  in  the  second  set  as  caused  by  heat.  A  few 
computations  have  also  been  made  which  strengthen  the  results  of 
these  experiments. 

Since  the  conception  of  ionization  is  so  intimately  associated 
with  the  idea  of  increase  in  pressure,  it  seemed  important  to  deter- 
mine the  laws  relating  to  this  sudden  increase  in  pressure  to  the 
corona  current. 


24.  Apparatus. — To  the  corona  tube  was  soldered  a  small  T  tube, 
one  side  of  which  was  joined  to  the  vacuum  pump  and  the  other  side 
was  connected  to  a  Bristol  aneroid  pressure  gage    (see  Fig.  36). 

The  increase  in  pressure  was  measured  by  this  Bristol  gage.  Any 
increase  in  pressure  caused  it  to  bend  slightly  and  to  rotate  the 
mirror.    When  the  deflection  of  a  beam  of  light  was  seen  over  a  scale, 
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Fig.  37.    Diagram  of  Connections  of  Apparatus  for  the  Determination  of 
Pressure  Increase  in  the  Corona  Tube 
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which  had  previously  been  calibrated  by  reading  simultaneously  the 
deflected  beam  and  a  water  manometer  connected  directly  to  the  gage, 
the  increase  in  pressure  in  centimeters  of  water  could  be  determined. 
The  advantage  of  such  a  pressure  measuring  instrument  in  this  ex- 
periment is  its  ver}'  (|uick  action.  The  instant  the  pressure  increases 
the  gage  jumps  to  its  new  position  and  a  reading  may  be  taken  in  a 
very  few  seconds.  It  was  necessary  to  read  this  pressure  increase 
quicklj^,  because  if  much  time  was  required  the  heating  effect  of  the 
current  would  increase  the  pressure. 

The  current  was  measured  by  a  Type  H  d'Arsonval  galvano- 
meter.   The  apparatus  was  connected  as  is  shown  in  Fig.  37. 

25.  Experimental  Results. — The  results  obtained  from  pressure 
increase  in  the  corona  were  as  follows: 

(1)  One  who  sees  this  pressure  increase  as  recorded  by  a  quick- 
acting  pressure  meter  thinks  it  is  not  a  heat  effect,  because  of  the 
rapidity  with  which  it  appears  and  disappears.  Arnold  showed  that 
the  pressure  increase  occurred  very  rapidly  when  caused  by  heat. 
The  following  curves  show  the  difference  in  the  rapidity  in  appear- 
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ance  and  disappearance  of  the  pressure  increase  caused  by  heat  and 
that  caused  by  corona.  It  will  be  noticed  in  Fig.  38,  where  the  pres- 
sure increase  was  caused  by  heating  the  central  wire,  that  fifteen  sec- 
onds were  required  for  the  pressure  to  come  to  its  maximum  value,  and 
that  from  the  time  the  current  was  broken  twenty-five  seconds  were  re- 
quired for  the  pressure  to  return  to  practically  its  original  value.  In 
Fig.  39,  however,  where  the  pressure  increase  was  caused  by  corona, 
only  three  seconds  were  required  for  the  maximum  pressure  to  be  at- 
tained and  the  pressure  came  to  practically  its  original  value  in  eight- 
een seconds.  In  this  last  case  from  the  appearance  of  the  phenomenon, 
it  seems,  if  the  aneroid  pressure  meter  had  less  inertia,  that  the  pres- 
sure increase  could  be  determined  in  less  than  three  seconds.  These 
curves  show  that  the  pressure  increase  appears  five  times  as  rapidly 
when  caused  by  corona  as  when  caused  by  heat  and  disappears  also 
more  rapidly. 
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(2)  In  the  pressure  increase  due  to  corona,  a  short  time  inter- 
val of  five  to  seven  seconds  occurs  after  the  sudden  increase  of  pres- 
sure, before  the  heat  effect  in  the  corona  begins  to  be  noticed.  This 
fact  is  shown  in  Fig.  40  by  an  abrupt  bend,  a,  in  the  curve  where 
the  pressure  increase  is  plotted  against  time.  No  such  bend  occurs 
where  the  pressure  increase  is  caused  by  heat  alone,  as  is  shown  in 
Fig.  38.  In  all  the  subsequent  work  the  pressure  increase  measure- 
ments were  always  taken  at  a  time  corresponding  to  the  point,  a; 
by  this  means  the  heat  effect  is  practically  eliminated. 

(3)  The  heat  which  is  produced  in  the  corona  discharge,  shown 
by  the  gradual  pressure  increase  from  h  to  c,  Fig.  40,  is  distributed 
throughout  the  whole  volume  of  enclosed  air;  consequently,  when  the 
circuit  is  broken,  this  heat  does  not  radiate  rapidly  because  the  air  is 
a  poor  conductor.  This  fact  is  shown  very  clearly  in  Fig.  41.  The 
curve  seems  to  show  that  the  pressure  increase  due  to  heat  in  the 
corona  is  represented  by  the  difference  of  ordinates  of  c  and  b, 
(Fig,  41).  As  soon  as  the  circuit  is  broken  at  c,  the  increase  in  pres- 
sure due  to  corona  at  once  disappears,  but  the  increase  in  pressure 
due  to  heat  in  the  corona  discharge  remains  as  is  shown  by  the  dif- 
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ference  between  ordinates  d  and  a.  This  difference  is  always  very 
nearly  equal  to  the  difference  of  ordinates  of  c  and  6.  This  heat 
energy  produced  by  the  corona  current,  since  it  is  distributed  through 
the  gas,  radiates  very  slowly,  as  is  shown  by  the  gradual  descent  of 
the  curve  from  d  to  e.  No  such  effect  is  observed  when  the  increase 
of  pressure  is  due  entirely  to  heat,  as  is  shown  in  Fig.  38.  This  curve 
shows  that  twenty-five  seconds  after  the  corona  is  removed  from  the 
wire  the  increase  in  pressure  due  to  the  corona  has  disappeared,  but 
practically  all  the  pressure  increase  due  to  heat  in  the  corona  (ordi- 
nate c  minus  ordinate  h  approximately  equals  ordinate  d  minus  ordi- 
nate a)  still  remains  and  radiates  very  slowly. 

(4)  If  the  increase  in  pressure  is  due  to  heat,  the  same  increase 
in  pressure  should  result  when  the  same  power  is  consumed:  (a) 
with  a  corona  current  through  the  gas  and  (b)  with  a  heating  current 
through  the  wire.  Figs.  42  and  43  show  that  this  is  not  the  case.  The 
powers  consumed  in  the  two  cases  are  not  exactly  the  same,  but  one 
can  see  that  were  they  the  same,  the  increase  in  pressure  due  to  corona 
would  be  approximately  half  the  increase  in  pressure  due  to  heat. 
The  power  in  the  corona  was  obtained  by  multiplying  the  potential 
difference  between  the  wire  and  the  tube  by  the  corona  current,  and 
in  the  heated  wire  the  power  was  obtained  by  multiplying  the  current 
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through  the  wire  by  the  potential  difference  across  that  portion  of  the 
wire  which  was  in  the  tube. 

(5)  If  the  increase  in  pressure  in  the  corona  discharge  is  due 
to  heat,  the  temperature  of  the  air  in  the  corona  tube  must  increase. 
This  condition  may  or  may  not  be  that  of  the  luminous  layer  near  the 
wire,  but  the  temperature  of  the  gas  in  the  tube  at  a  point  four  milli- 
meters from  the  wire  actuallj^  decreases.  This  decrease  was  deter- 
mined by  inserting  a  sensitive  thermocouple  made  of  very  fine  Copper- 
Advance  wire  into  the  corona  tube.  The  temperature  decreased  only 
at  the  instant  the  corona  appeared.  In  a  short  time  after  the  heat 
due  to  the  corona  began  to  appear  (corresponding  to  the  slope  &  to  c, 
Figs.  40  and  41)  the  temperature  of  the  gas  in  the  tube  began  to  in- 
crease. This  cooling  effect  is  shown  in  Fig.  44.  From  a  comparison 
of  Fig.  44  with  Fig.  40  it  is  seen  that  the  increase  in  pressure  which 
was  measured  at  a  was  observed  while  there  was  an  actual  cooling  in 
the  corona  tube.  This  cooling  should  be  expected  when  air  or  oxygen 
is  in  the  tube,  for  under  these  conditions  ozone  is  formed.  Since  the 
formation  of  ozone  from  oxygen  is  always  accompanied  by  an  ab- 
sorption of  heat,  the  temperature  of  the  air  or  oxygen  would  tend 
to  lower.  J.  W.  Davis,  working  on  corona  about  hot  wires  in  hydro- 
gen, discovered  that  the  appearance  of  the  corona  about  a  tungsten 
wire  at  white  heat  causes  it  to  cool  to  dull  red.  This  change  tends  to 
show  that  even  in  the  corona  glow  itself  there  is  a  cooling  effect.  A 
possible  explanation  of  the  cooling  effect  might  be  given  by  assuming 
an  electrical  wind  action  around  the  conductor. 
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Fig.  44.     Cooling  Effect  in  Corona 


(6)  If  the  increase  in  pressure  in  the  corona  is  due  to  heat,  one 
should  expect  it  to  be  the  same  with  the  wire  either  positive  or  nega- 
tive. It  will  be  mentioned  hereinafter  that  it  is  impossible  to  obtain 
measurements  when  the  wire  is  negative  because  of  the  presence  of 
beads.  The  negative  corona  is  entirely  different  from  the  positive 
corona. 

(7)  The  following  consideration  will  show,  moreover,  that  the 
increase  in  pressure  cannot  be  due  to  heat.-  The  heat  produced  by  the 
corona  current  will  be  given  by  the  equation  H  =  0.238  eii,,  and  if 
the  observed  pressure  increase  is  due  to  heat,  the  increase  in  pressure 
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Ap  will  be  proportional  to  the  heat.  The  equation  may  then  be 
written  Ap  =  k  eit.  The  only  way  for  Ap  to  vary  directly  as  i, 
the  corona  current,  as  shown  by  curves  in  the  next  paragraph,  is  for 
e  to  be  independent  of  i.    Data  shows  that  this  is  not  the  case. 

(8)  To  determine  the  laws  relating  this  ionization  pressure  to 
the  corona  current,  experiments  were  made  when  the  wire  was  posi- 
tive and  the  coaxial  cylinder  grounded  with  dry  air,  hydrogen,  nitro- 
gen, carbon  dioxide,  oxygen,  and  ammonia  as  the  gases  in  the  tubes. 
Considerable  care  was  taken  to  see  that  these  gases  were  absolutely 
pure.  They  were  all  dried  carefully  before  they  were  used.  Fig.  45 
shows  all  the  curves  plotted  to  the  same  scale.  "With  this  scale  the 
hydrogen  curve  should  be  continued  until  its  ordinate  is  equal  to 
that  of  the  carbon  dioxide  curve. 

The  fact  that  the  points  all  lie  accurately  on  a  straight  line 
shows  conclusively  that  the  experiment  verifies  the  prediction  made 
by  Dr.  Kunz's  theory.  The  law  can  then  be  stated  that  in  the  gases 
studied  with  the  wire  positive  the  ionization  pressure  is  exactly  pro- 
portional to  the  corona  current. 

In  oxygeji  a  considerable  amount  of  ozone  was  for) tied  because 
of  the  corona  discharge.  Evidently  the  curve  as  shown  is  a  resultant 
of  two  effects:  fl)  A  chemical  change,  due  to  the  formation  of  ozone, 
which  would  tend  to  cause  a  decrease  in  pressure.  (2)  The  increase 
in  pressure  due  to  the  ionization  of  the  oxygen.  Since  the  ionization 
curve  is  a  straight  line,  as  is  shown  by  the  gases  in  which  probably 
there  is  no  chemical  action,  and  since  this  resultant  curve  of  oxygen 
is  a  straight  line,  the  following  law  can  be  stated : 

Whenever  chemical  change  occurs  hecause  of  the  corona  the 
chemical  change  is  proportional  to  the  current. 

With  the  wire  negative  beads  always  appear,  and  since  the  pres- 
sure increase  varies  with  the  arrangement  of  the  beads  which  are  not 
stable,  it  is  impossible  to  verify  accurately  the  relationship.  When 
an  ordinary  open  manometer  which  is  slow  in  its  action  was  used 
instead  of  the  quick  acting  gage,  it  was  discovered  that  the  same  re- 
lationship as  stated  is  very  nearly  true  for  the  negative  as  well  as  for 
the  positive  wire. 

The  increase  in  pressure  in  nitrogen,  showing  ionization,  is  one 
of  the  exceptions  where  nitrogen  is  largely  ionized  at  low  tempera- 
tures and  thus  probably  chemically  active.     How  nitrogen,  carbon 
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dioxide,  and  ammonia  are  ionized  are  questions  which  require  fur- 
ther study. 

The  arrangement  of  the  apparatus  could  be  used  as  a  high  poten- 
tial voltmeter  by  simply  calibrating  the  increase  in  pressure  against 
volts,  as  determined  by  a  disc  electrometer. 

26.  Results  from  Theoretical  Considerations.  — If  the  increase 
in  pressure  is  due  to  heat,  it  is  possible  to  compute  the  magnitude  of 
the  pressure  increase  when  one  knows  the  watts  of  electrical  energy 
consumed  in  the  tube.  The  trial  represented  in  Fig.  43  gives  these 
data.  The  observed  pressure  increase  was  measured  in  three  seconds 
so  that  the  total  number  of  joules  of  work  consumed  by  the  tube  in 
that  time  was  3  x  0.266  =  0.798  joules.  This  amount  corresponds  to 
0.1909  calories.  Knowing  the  volume  of  the  tube,  the  temperature 
and  pressure  of  the  air  in  it,  one  can  readily  compute  the  mass  of  the 
air  in  the  tube.  "With  the  quantity  of  heat  and  mass  of  air  mentioned 
previously,  together  with  the  specific  heat  of  the  air  at  constant  vol- 
ume, the  temperature  rise  of  the  air  can  be  computed,  if  the  electrical 
energy  is  assumed  to  be  converted  into  heat.  This  temperature  rise 
is  2.44  degrees  centigrade,  which  at  constant  volume  corresponds  to 
a  pressure  increase  of  nearlj^  nine  centimeters  of  water,  while  the  ob- 
served pressure  increase  in  this  particular  trial  amounts  to  nearly  sev- 
en-tenths centimeters  of  water.  In  this  computation  radiation  and  con- 
duction losses  have  been  neglected,  because  they  would  be  very  small 
from  a  body  2.44  degrees  centigrade  above  room  temperature.  This 
computation  shows  that  the  observed  results  lie  in  a  different  order 
of  magnitude  from  that  expected  if  Arnold's  theory  were  true. 

Arnold  states,  if  ''we  compute  the  corona  currents  that  would 
result  from  the  presence  of  enough  ionized  particles  to  produce  the 
observed  pressure  changes,  the  currents  calculated  are  many  thousand 
times  greater  than  those  actually  obtained."  Such  a  statement  is 
true  only  when  the  ionized  particles  are  produced  in  a  uniform  or 
practically  uniform  electric  field.  This  is  not  the  case  in  the  corona 
tube,  as  is  shown  in  Chapter  VII. 

From  these  data  it  is  seen  that  the  potential  gradient  near  the 
wire  is  very  high,  of  the  order  of  30,000  volts  per  centimeter.  This 
is  the  arcing  gradient,  in  which  probably  every  molecule  is  ioni^ied. 
Then  for  a  long  space  between  the  wire  and  the  tube  there  is  a  very 
small  gradient.    "With  this  condition  of  the  field,  every  molecule  may 
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Fig.  46.     Corona    Current  as   a   Function   of   Pressure   in   Hydrogen,  with 
Constant  Voltage  and  Wire  Positive 
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be  ionized  near  the  wire  and  still  the  resultant  current  he  very  small, 
for  few  of  the  ionized  particles  near  the  wire  will  pass  through  the 
space  where  there  is  a  small  gradient.  Simple  computations  based  on 
kinetic  theory  show  that  the  maximum  observed  pressure  increases 
can  be  explained  by  ionization  if  every  molecule  of  the  air  within  1.39 
millimeters  of  the  wire  is  ionized.  "Within  this  distance  the  potential 
gradient  is  equal  to  the  arcing  gradient  and  it  is  therefore  probable 
that  all  molecules  are  ionized. 

27.  Further  Verification  of  Kunz's  Theory. — The  final  equation 

V  1 

as  presented  by  Dr.  Kunz  is  ki=  —  (Pi— Po)-r+    a  constant,  where 

i  is  the  corona  current,  Vq,  the  volume  of  the  tube,  e,  the  potential  dif- 
ference between  the  wire  and  the  tube,  p^  -  Po,  the  pressure  increase, 
k,  a  constant  and  Po,  the  initial  pressure.  This  equation  shows  that 
for  a  constant  potential  difference,  e,  the  current,  i,  should  increase 
as  Pq  is  lowered.  Data  were  taken  by  measuring  the  current  at  vari- 
ous measured  pressures,  caused  by  a  constant  potential  difference, 
which  verifies  this  theory.  These  data  are  shown  graphically  in  Figs. 
46  and  47  when  pure  hydrogen  and  nitrogen  respectively  were  the 
gases  in  the  tube. 

28.  Summary    and    Conclusions. — Experimental    results   show; 

(1)  That  the  increase  in  pressure  due  to  the  corona  ap- 
pears and  disappears  much  more  rapidly  than  when  due  to  heat 
only. 

(2)  That  the  heat  in  the  corona  discharge  is  not  a  promi- 
nent factor  until  many  seconds  after  the  corona  appears. 

(3)  That  in  equal  energy  experiments  the  increase  in 
pressure  due  to  corona  differs  from  the  increase  in  pressure 
due  to  heat  by  nearly  50  per  cent. 

(4)  That  at  the  instant  the  corona  appears  the  gas  in 
the  tube  at  a  small  distance  from  the  wire  is  cooled. 

(5)  The  ionization  pressure  in  the  positive  corona  is  ex- 
actly proportional  to  the  corona  current  in  dry  air,  hydrogen, 
nitrogen,  carbon  dioxide,  oxygen,  and  ammonia. 

(6)  Any  chemical  action  that  occurs  because. of  the  corona 
is  proportional  to  the  corona  current. 
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(7)  That  the  theory  advanced  bj"  Professor  Kunz  is  veri- 
fied in  one  more  field;  namely,  in  the  relation  between  current 
and  pressure  for  constant  voltage. 


These  results  together  with  conclusions  drawn  from  simple  cal- 
culations force  one  to  believe  that  the  pressure  increase  in  the  corona 
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Fig.  47.     Corona   Current   as   a   Function   of   Pressure  in   Nitrogen,   with 
Constant  Voltage  and  Wire  Positive 
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discharge  is  not  due  to  Joule's  heat.  With  the  knowledge  of  the 
distortion  of  the  field  in  the  corona  tube  it  seems  very  possible  that  the 
increase  in  pressure  is  due  to  ionization. 

Dr.  A.  M.  Tyndall  has  also  argued  against  a  characteristic  pres- 
sure effect  in  the  corona.  In  his  experiments  he  used  a  much  smaller 
tube  and  introduced  about  one  thousand  times  more  energy  per  unit 
time  than  that  used  in  these  experiments,  unless  there  is  a  misprint 
in  the  current  (10-'''  instead  of  10-*).  Even  if  there  were  a  misprint, 
the  relative  energy  is  still  larger  in  Tyndall 's  experiments,  because 
his  inner  wire  was  about  thirty  times  smaller  than  those  used  in  the 
measurements  herein  recorded.  It  is  therefore  possible  that  Tyndall 
observed  only  heat  phenomena;  moreover  from  his  data  it  cannot 
be  concluded  that  the  pressure  increase  in  question  is  proportional  to 
the  corona  current,  a  fact  which  requires  an  explanation  different 
from  a  simple  heat  effect.  The  cooling  of  the  wire  by  the  corona  had 
been  discovered  in  the  Physics  Laboratory  of  the  University  of  Illi- 
nois before  Tyndall  published  his  paper.  Tyndall 's  experiments  can- 
not be  considered  conclusive;  the  characteristic  pressure  measured 
by  Warner  may  be  due  to  an  increase  in  particles  or  to  a  partial 
vacuum  surrounding  the  wire  when  the  corona  discharge  takes  place. 
The  problem  is  not  yet  solved. 
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CHAPTER  IX 
Ozone  Formation  in  the  Corona 

Among  the  problems  attracting  attention  at  the  present  time, 
that  of  the  nature  of  the  forces  which  hold  the  atoms  together  in  the 
molecule  is  of  great  importance.  The  most  probable  suggestion  is 
that  these  forces  are  due  to  the  electrons  and  positive  nuclei  of  the 
different  atoms  acting  on  each  other  according  to  laws  still  obscure. 
Most  of  the  articles  which  have  been  published  concerning  this  prob- 
lem are  of  a  speculative  nature.  If  the  forces  are  electrical,  it  seems 
obvious  that  some  electrical  method  might  be  used  advantageously  in 
their  study.  Ionization,  often  followed  by  chemical  reaction,  is 
found  to  occur  in  solutions  of  electrolytes  and  sometimes  in  gases.  A 
tremendous  amount  of  work  has  been  done  with  electrolytes  in  solu- 
tions of  various  solvents.  These  studies  have  led  to  the  development 
of  many  interesting  relationships,  but  there  are  so  many  complica- 
tions in  any  study  of  liquid  solutions  that  it  is  difficult  to  get  much 
conception  of  the  fundamental  intramolecular  forces.  In  spite  of 
the  fact  that  a  much  greater  amount  of  work  has  been  done  on  ions 
in  solutions  than  on  gaseous  ions,  more  is  known  about  the  latter.  In 
gases  the  ions  have  greater  freedom  of  movement  than  in  liquids. 
The  structure  is  simpler  and  it  is  much  easier  to  control  and  alter 
conditions.  Ionized  gases  with  charged  atoms  and  molecules  are  often 
capable  of  causing  chemical  action  and  so  may  well  lend  themselves 
to  the  study  of  those  forces  which  bind  the  atoms  together.  To  cause 
a  reversible  reaction  like  N,  -|-  Oo  li;2N0,  for  instance,  to  shift 
toward  the  right  by  purely  thermal  means  would  require  a  very  high 
temperature  for  appreciable  yields,  but  with  the  ionization  of  gases 
resulting  from  various  forms  of  electrical  discharge,  similar  yields 
can  be  secured  at  far  lower  temperatures.  It  seems  probable,  then, 
that  the  presence  of  ions  in  gases  is  the  cause  of  new  combinations 
of  the  atoms,  but  it  might  be  that  ionization  is  only  an  accompanying 
effect,  not  the  cause  of  chemical  reactions.  It  is  very  desirable  when 
studying  fundamental  relationships  to  work  with  conditions  as  little 
complicated  as  possible.    For  this  purpose  there  is  available  one  re- 
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action  that  involves  the  presence  of  only  one  element,  oxygen,  which 
is  changed  into  ozone  under  suitable  conditions. 

The  following  is  a  discussion  of  the  theory  of  ozone  formation 
which  is  applied  to  the  various  known  types  of  ozone  formation : 
the  oxygen  atom  is  supposed  to  possess  six  electrons  in  the  outer 
shell.  The  two  atoms  in  the  molecule  may  be  held  together  in  two 
different  ways,  between  which  there  may  be  several  gradations. 
The  oxygen  molecule  may  be  represented  by  either  of    the   formulas 

A,  :  O :  :  O :  or  B ,  :  O :  O : .  In  the  first  form  the  atoms  are  held  together 
by  two  valence  bonds  while  in  the  second  there  is  only  one  bond,  each 
atom  possessing  an  extra,  unsatisfied  valence.  It  is  supposed  that 
a  valence  bond  is  due  to  the  coupling  together  of  two  electrons  which 
tend  to  make  a  fairlj^  stable  union.  In  form  B  each  atom  has  an 
extra  unbalanced  electron,  and  an  arrangement  exists  similar  to  the 
usual  conception  of  the  ethylene  molecule.  In  its  second  form  the 
oxygen  molecule  would  be  highly  reactive  as,  indeed,  oxygen  is  well 
known  to  be. 

If  a  neutral  oxygen  atom  came  in  contact  with  form  B,  there 
would  be  a  strong  tendency  to  form  the  neutral  molecule  of  ozone. 

The   electrons   not   being  symmetrically  placed   about   the 

nuclei  a  strain  results  so  that  ozone  is  in  an  unstable  condition  and 
readily  tends  to  decompose.  The  heat  of  decomposition  of  ozone  by 
direct  measurement  is  about  -|-34,000  calories.  This  value  is  the 
resultant  of  the  force  required  to  split  two  extra  atoms  from  two 
ozone  molecules  and  of  the  force  with  which  these  two  atoms  unite  to 
form  a  molecule,  regardless  of  the  order  in  which  these  steps  may 
occur.  It  seems  likely  that  an  atom  would  have  to  come  in  contact 
with  the  unsaturated  form  of  molecule  B  at  just  the  right  angle  and 
with  a  suitable  velocity  in  order  to  produce  ozone.  Collision  between 
two  atoms  would  result  in  the  formation  of  a  molecule  with  conse- 
quent degradation  of  energy  as  heat. 

Apparently  the  formation  of  ozone  requires  oxygen  atoms  which 
may  be  derived  from  molecular  oxygen  or  from  some  compound  of 
oxygen  with  other  elements.  On  this  basis,  in  accordance  with  the 
mass-action  principle,  any  factor  which  increases  the  atomic  oxygen 
concentration  ought  to  raise  the  yield  of  ozone. 

Ozone   is   formed   in   many   chemical   reactions.      The   practical 
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metliod  for  the  manufacture  of  ozone  is  to  pass  air  through  some 
form  of  silent  discharge.  Wlienever  ozone  is  formed  by  means  of  an 
electrical  discharge,  light  is  produced.  Indeed  ultraviolet  light  of 
sufficiently  short  wave  length  produces  ozone.  It  is  possible  that  it  is 
the  light  which  produces  the  ozone  even  in  the  silent  discharge  and 
in  the  corona  discharge.  The  vibrations  of  the  ultraviolet  light  tend 
to  loosen  the  oxygen  bonds,  to  produce  polarization  at  first  and  finally 
to  cause  dissociation  of  the  atoms  analogous  to  the  thermol  action 
of  high  temperatures. 

The  formation  of  ozone  is  an  end  of  thermic  reaction.  At  ordi- 
nary temperature  ozone  decomposes  into  oxygen,  but  the  rate  of  de- 
composition is  slow.  The  velocity  of  decomposition  increases  very 
rapidly  with  increasing  temperature,  so  that  for  practical  manufac- 
ture of  ozone  the  gas  should  be  as  cold  as  possible. 

For  the  formaton  of  ozone  atomic  oxygen  seems  to  be  required; 
the  atoms  may  or  maj'  not  be  changed  and  this  is  a  very  important 
question. 

The  chemical  reaction  may  be  written  in  the  form  02  —  0^03. 
The  heat  of  decomposition  of  ozone  is  about  34,000  calories.  Ozone 
is,  therefore,  in  a  metastable  condition  at  ordinary  temperatures. 

For  the  ozone  formation  in  the  corona  discharge  the  following 
method  and  arrangement  were  chosen.  The  oxygen  was  prepared 
by  electrolyzing  a  20  per  cent  solution  of  sodium  hydroxide  with 
nickel  electrodes.  To  remove  hydrogen  the  gas  was  passed  over 
heated  copper  oxide.  Any  carbon  dioxide  was  removed  by  a  20  per 
cent  sodium  hydroxide  solution  in  a  bead  tower.     The  gas  was  dried 


Fig.  48.     Diagram  of  Apparatus  for  the  Stxtdy  of  Ozone  Formation  in  the 
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by  being  passed  througli  another  bead  tower  containing'  concentrated 
sulphuric  acid,  through  a  large  U  tube  filled  with  pieces  of  fused 
potassium  hydroxide  and  finally  through  another  large  U  tube  full 
of  phosphorous  pentoxide.  The  corona  tube  was  of  glass;  its  dimen- 
sions are  given  in  Fig.  48.  The  outer  electrode  was  a  sheet  of  gold  foil 
0.15  mm.  thick.  Connection  was  made  by  a  platinum  wire  sealed 
through  the  glass  and  passing  all  around  between  the  foil  and  the 
glass  tube.  A  slit  was  left  in  the  foil  so  that  the  discharge  might  be 
observed.  It  had  the  characteristic  appearance  for  this  form  of  dis- 
charge as  described  previously  in  this  bulletin.  The  procedure  was 
to  fill  the  tube  with  pure  oxygen,  close  the  stopcocks  and  subject  the 
enclosed  volume  of  air  to  the  discharge  for  varying  lengths  of  time. 
The  gas  was  then  passed  through  neutral  2  N  potassium  iodide.  The 
iodine  set  free  was  titrated  with  0.025  N  thiosulphate  solution  after 
acidifying  with  sulphuric  acid.  During  the  discharge  the  current 
strength  was  measured  by  a  suitable  galvonometer  and  was  main- 
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tallied  constant  by  increasing  the  voltage  as  required.  The  resistance 
of  the  gas  rises  wdth  the  length  of  time  of  the  discharge.  The  re- 
quired increase  in  voltage  due  to  the  increased  resistance  is  an  ex- 
pontial  function  of  the  time 

Vo  is  the  initial  voltage,  T,  is  the  voltage  at  any  time  t,  and  a  is  some 
constant.  This  relation  is  well  illustrated  in  Fig.  49,  curve  a.  On 
the  other  hand  if  the  voltage  is  maintained  constant,  the  current 
strength  will  decrease  as  in  Fig.  49,  curve  6.  The  formula  for  this 
hj^perbolic  curve  will  be  somewhat  like  the  other  formula  but  with  a 
negative  exponent.  An  explanation  of  this  phenomenon  is  given 
later.  The  state  of  affairs  in  the  discharge  is  somewhat  complicated. 
When  the  current  is  turned  on,  there  is  a  slight  immediate  rise  in 
pressure  due  to  the  ionization  of  the  gas.  This  increase  in  pressure 
means  a  splitting  of  the  molecules  into  atoms  so  that  the  total  number 
of  particles  in  the  gas  is  increased.  The  oxygen  atoms  formed  in 
oxygen  unite  chiefly  with  oxygen  molecules  to  form  oxone  with  a  con- 
sequent decrease  in  volume  which  may  be  followed  by  a  suitable 
manometer.  The  most  (90-97  per  cent)  of  even  the  initial  energy 
is  degraded  into  heat  energy.  As  the  ozone  increases  in  concentra- 
tion more  of  it  decomposes  with  the  liberation  of  more  heat.  All  this 
heat  causes  an  increase  in  the  velocity  of  the  molecules  and  an  in- 
crease in  the  volume  of  the  gas.  The  decrease  in  volume,  which  is  a 
resultant  of  the  ozone  and  heating  effects,  should  bring  about  a  de- 
crease in  resistance.  The  increased  velocity  of  the  molecules  should 
also  help  to  lower  the  resistance.  Both  of  these  effects  should  allow 
the  easier  passage  of  the  ions  through  the  gas.  The  explanation  of  the 
increase  in  the  resistance  is  the  counter  electromotive  force  or  polari- 

Table  5 
Current-Voltage  Relationship 

Wire  Positive  Wire  Negative 

I 


Amperes  XIO — ■*  Volts  \  Amperes   XIO- 

2.00  7910-  8300  1.25 

2.77  8960-  9260  2.50 

3.75  9370-  9650  |  3.75 

6.25  9680-10440  5.00 

:  7.50 


Volts 

8960-95.501 

9880-10280 

10400-10600 

10800-11240 

11600-12480 


1  Cf.  Pig.  49,  Curve  a 
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zation  effect  exerted  by  the  ions  present.  As  long  as  the  tube  is  closed 
its  size  is  the  limiting  factor.  After  a  condition  of  equilibrium  is 
once  reached  throughout  the  tube,  the  voltage  required  to  maintain  a 
certain  amperage  should  be  constant.  The  ionic  equilibrium  like  the 
ozone-oxygen  equilibrium  depends  upon  diffusion  to  a  large  extent 
and  this  in  turn  is  governed  by  the  size  and  shape  of  the  tube. 

These  data  are  the  extreme  values  observed  during  a  20-minute 
run.  To  test  the  reproducibility  of  the  method,  runs  were  made 
during  two  different  days  with  all  the  conditions  as  nearly  constant 
as  possible.  Bach  run  lasted  just  three  minutes.  The  current  strength 
was  maintained  exactly  at  2.77  x  10-*  amperes  and  the  wire  was  posi- 
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tively  charged.  The  results  were  345,  340,  335,  and  360  cu.  mm.  of 
ozone.  This  corresponds  to  nearly  6  g.  per  kw.  hr.,  a  value  lower 
than  the  values  given  hereinafter;  for  here  the  deozonizing  effect  of 
the  discharge  is  considerable.  To  calculate  the  yield  in  terms  of  per- 
centage di\dde  the  value  in  terms  of  cubic  millimeters  by  3000.*  The 
results  plotted  in  Figs.  50  and  51  represent  all  the  results  obtained  with 
the  amperage  at  a  constant  value  and  with  no  arc  in  series.  The  follow- 
ing yields  have  been  calculated  from  measurements  of  the  initial  slopes 
of  these  curves. 
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Fig.  51.     Ozoxe   Formation   in   the   Corona   Tube   at   Various   Current 
Strengths   with  Wire  Negative 

*  The    capacity  of  the  tube  being  300  cc.  to  change  from  cubic  millimeters  to  percentage 
multiply  by  100  (300X1000)  or  divide  by  3000. 
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Table  6 

Ozone  Yields  Calculated  from  the  Initial  Slopes  of  the  Curves 
IN  Figs.  50  and  51 


Wire  Positive 
Grams  of  Ozone  per  Kilowatt  Hour 

Wire  Negative 
Grams  of  Ozone  per  Kilowatt  Hour 

Amp.  XlO-4 
2.00 
2.77 
3.75 
6.25 

Without  Spark 

7.7 

12.7 

20.7 

23.3 

With  Spark 
13 
18 
29 

Amp.  XlO-4 
1.25 
2.50 
3.75 
5.00 
7.50 

Without  Spark 
13 

14.1 
14.2 
11.3 
24 

With  Spark 
22 
23 
25 

These  values  are  being  checked  by  passing  the  gas  through  the 
discharge  at  various  speeds.  With  the  wire  charged  positively,  about 
the  same  amount  of  ozone  is  formed  as  with  the  wire  charged  negative- 
ly. This  result  does  not  agree  with  either  Warburg*  or  Cermakf  who 
working  with  a  point  discharge  and  influence  machine  current  ob- 
served the  ozone  concentration  with  the  point  negative  to  be  about 
three  times  the  concentration  when  the  point  was  charged  positively. 
Their  explanation  was  that  the  greater  speed  of  the  negative  ions 
was  responsible.  This  seems  to  be  a  reasonable  explanation,  but  these 
curves  show  that  there  is  something  more  to  be  taken  into  considera- 
tion. The  point  discharge,  especially  with  an  influence  machine  sup- 
plying the  current,  is  very  complicated.  The  curves  in  Figs,  50  and 
51  belong  to  a  family  of  parabolic  curves  which  tend  to  approach  a 
common  point  as  a  limit.     The  general  formula  for  these  curves  is, 

where  y  is  the  yield  of  ozone,  a  is  a  constant,  t  is  the  time,  and  w  is  a 
fraction  between  0  and  1.  The  greater  initial  slope  of  the  larger 
current  curves  indicates  that  there  is  a  greater  ozonization,  but  the 
smaller  slopes  of  these  curves  after  five  minutes  show  that  there  is 
also  a  very  much  larger  deozonizing  effect.  The  resultant  is  probably 
the  same  in  all  cases  with  an  electrical  equilibrium  formed.  This 
electrical  equilibrium  for  any  one  apparatus  and  source  of  power  is 
probably  independent  of  the  current  strength.  It  is  the  resultant 
of  the  ozonizing  and  deozonizing  effects  of  the  current  and  the  small 
spontaneous  decomposition  of  ozone  at  the  temperatures  (24+3  de- 
grees) and  pressures  (740+  5  mm.)  used. 


*Ann.  Phys.,  Vol.    [4]  9,  p.  781,   1902. 

t  Ber.  deut.  physik.  Gtes,,  Vol.  4,  p.  268,  1906. 
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A  few  experiments  were  made  with  a  spark  gap  in  series.  The 
spark  was  between  two  1  cm.  zinc  spheres  which  were  adjusted  by  a 
micrometer  screw.  The  effect  of  an  arc  in  series  with  the  corona  has 
been  studied  by  Crooker.*  He  showed  that  the  effect  is  not  to  produce 
an  oscillating  but  an  intermittent  direct  current.  In  Table  6  some 
yields  are  given  of  ozone  per  kilowatt  hour.  These  were  calculated 
as  follows :  With  the  wire  positive  and  with  the  current  of  2.00x10  -* 
ampere,  the  yield  of  ozone  was  two-thirds  greater  for  the  three-minute 
interval  with  rather  than  without  the  spark  in  series.  The  increases 
are  greater  for  the  smaller  current  strengths.  These  results  throw 
some  light  on  the  effect  of  alternating  or  fluctuating  current  and  of 
different  frequencies  on  ozone  production.  This  point  will  be  dis- 
cussed later  in  connection  with  the  further  study  of  ozone  for- 
mation in  the  corona  which  is  being  continued  in  the  Chemical 
Laboratory  of  Purdue  University. 


•Crooker,  Am.  J.  Sci.,  Vol.  to,  p.  281,  1918. 
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CHAPTER  X 

The  Influence  of  a  Series  Spark  on  the  Corona 

The  typical  positive  corona  discharge  is  a  uniform  glow  around 
the  wire,  while  the  negative  corona  consists  in  more  or  less  evenly 
spaced  bright  beads.  If  a  short  spark  is  included  in  series  with  the 
corona  tube,  this  difference  in  the  discharge  is  largely  eliminated, 
the  discharge  appearing  almost  the  same  whether  the  wire  is  positive 
or  negative.  The  introduction  of  the  spark  in  series  entirely  changes 
the  visual  character  of  the  corona  glow.  The  usual  characteristic 
negative  beads  spread  laterally  and  in  diameter  into  a  fuzzy  glow 
(blue  in  air),  whereas  the  quiet  uniform  positive  glow  gives  place 
to  a  remarkable  display  of  purple  streamers  shooting  radially  from 
the  wire  to  the  tube  and  at  times  completely  filling  the  tube  with 
light.  These  visual  characteristics  are  essentially  the  same  in  all 
gases. 

When  this  marked  difference  between  the  corona  with  and  with- 
out the  spark  in  series  was  first  discovered,  it  was  suggested  that 
perhaps  this  difference  was  due  to  high  frequency  oscillations  super- 
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Fig.  52.     Diagram   of   Connections   of   Apparatus    for    Study    of   Influence 
OF  A  Series  Spark  ON  THE  Corona 
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imposed  upon  the  direct-current  phenomenon.  The  results  presented 
in  the  following  pages  of  this  chapter  comprise  the  present  knowledge 
of  this  peculiar  corona  phenomenon. 

29.  Apparatus. — The  electrodes  of  the  spark  gap  were  polished 
brass  spheres,  one  centimeter  in  diameter,  fastened  to  brass  rods  which 
were  supported  by  hard  rubber  blocks  on  a  solid  hard  rubber  base. 
One  of  the  electrodes  was  supplied  with  a  micrometer  screw  and  an 
insulated  handle  which  permitted  an  easy  adjustment  of  the  spark 
discharge.  This  spark  gap  was  connected  in  series  with  the  self- 
opening  line  switch  and  the  corona  tube  through  a  reversing  switch 
which  allowed  quick  reversal  of  the  polarity  of  the  axial  wire.  The 
connections  of  the  apparatus  are  shown  in  Fig.  52. 

30.  Visual  Characteristics  of  the  Corona  with  Spark  in  Series. — 
If  in  positive  corona  a  short  spark  is  placed  in  series  with  the  corona 
tube,  containing  air  at  atmospheric  pressure,  after  the  voltage  is  high 
enough  to  give  a  bright  uniform  glow  a  most  remarkable  change  takes 
place  in  the  discharge.  For  very  short  sparks  a  few  bright  purple 
radial  pencils  or  streamers  of  light  will  shoot  out  irregularly  from 
the  wire  toward  the  tube.  These  streamers  increase  in  number  and 
in  brightness  as  the  spark  gap  is  opened  and  may  at  times  completely 
fill  the  tube  with  purple  light.  They  are  brighter  and  more  easily 
formed  at  the  higher  pressures  and  at  voltages  slightly  above  that 
for  the  starting  glow,  but  they  have  been  observed  at  pressures  as 
low  as  30  cm.  of  mercury. 

The  same  changes  in  the  appearance  of  the  positive  glow  by  the 
introduction  of  a  series  spark  have  been  observed  in  illuminating  gas 
and  hydrogen.  The  uniform  positive  glow  is  in  both  cases  trans- 
formed into  the  radial  streamers  by  the  action  of  the  spark.  In  illu- 
minating gas  these  streamers  are  of  an  intense  blue-green  color, 
while  in  hydrogen  they  are  of  a  milky  white  or  silvery  appearance. 

In  negative  corona  a  short  series  spark  has  the  effect  of  destroying 
the  characteristic  negative  beads.  Introducing  a  very  short  spark 
reduces  the  clear  beads  in  brightness  and  in  their  clear-cut  form,  and 
they  become  hazy  at  the  boundaries.  Gradually  opening  the  spark 
gap  causes  a  slow  transition  of  the  beads  from  the  clear  intensely 
concentrated  form  of  glow  to  a  uniform  fuzzy  glow  which  spreads 
laterally  from  the  beads  along  the  wire  and  which  is  slightly  larger 
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Fig.  53.     Corona  Discharge  with  and  without  a  Series  Spark 
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in  diameter  than  the  original  beads.  The  bright  cores  of  the  beads 
maintain  their  positions  until  the  last,  although  they  are  greatly  re- 
duced in  intensity  and  may  even  be  seen  when  the  spark  gap  is  so 
long  that  the  glow  flashes  but  intermittently.  The  characteristic 
destruction  of  the  clear  form  of  the  beads  due  to  the  action  of  the 
spark  has  also  been  observed  in  illuminating  gas  and  in  hydrogen  at 
various  pressures.  The  appearance  of  the  glow  remains  the  same, 
whether  the  spark  is  placed  on  the  grounded  side  of  the  tube  or  oi^. 
the  high  potential  side. 

Photographs  of  the  corona  discharge  with  and  without  a  series 
spark  are  shown  in  Fig.  53. 

31.  No  Oscillations  in  the  Corona. — ^When  the  influence  of  the 
series  spark  was  first  discovered,  the  action  was  attributed  to  oscilla- 
tions or  surges  started  in  the  system  by  the  spark.  This  suggestion 
was  made,  because  when  a  2  micro  farad  condenser  was  placed  in 
parallel  with  the  tube  and  the  wire,  the  hazy,  beaded  discharge  ap- 
peared for  both  positive  and  negative  corona,  and  did  not  change 
in  character  when  a  series  spark  was  added  to  the  circuit.  When  the 
spark  is  placed  in  series  many  times,  a  hissing  sound  is  heard  which 
might  be  due  to  oscillations. 

To  determine  whether  the  series  spark  sets  up  oscillation  several 
experiments  have  been  performed.  The  results,  which  show  that  os- 
cillations are  not  present,  will  be  given  in  the  following  paragraphs. 
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Fig.  54.    Arrangement  of  Apparatus  for  Boys's  Method 
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The  difference  between  the  positive  and  negative  corona  with 
series  spark,  as  described,  is  so  conspicuous  as  to  exclude  the  possi- 
bility of  the  'effect  being  due  to  oscillations.  If  there  were  oscilla- 
tions, they  could  not  be  symmetrical  with  respect  to  the  time  axis. 

The  oscillograph  and  vibration  galvanometer  cannot  be  used  to 
determine  the  current  wave  form,  because  the  currents  are  too  weak 
to  overcome  the  inertia  of  the  moving  elements.  Three  methods  have 
been  used  which  give  accordant  results:  the  telephone,  revolving 
lenses  and  a  photographic  plate,  and  a  cathode  tube  with  a  hot  lime 
cathode.  The  last  method  may  be  made  veiy  sensitive  and  gives  satis- 
factory results. 

In  the  telephone  receiver  method  a  receiver  connected  in  parallel 
with  a  resistance  was  used  in  place  of  the  galvanometer.  The 
passage  of  the  faintest  spark  can  be  detected.  When  the  voltage  is 
high  enough  to  produce  corona,  a  sharp  click  is  heard  in  the  telephone 
as  each  consecutive  spark  passes  and  a  flash  of  glow  appears  on  the 
wire  in  the  tube.  If  the  sparks  pass  in  very  rapid  succession,  the  glow 
will  appear  to  be  practically  continuous.  The  discharge  between 
the  spheres  is  intermittent  and  forms  a  white  line  in  the  gas. 

The  corona  tube  acts  like  a  condenser  charging  and  discharging 
at  intervals,  according  to  the  length  of  the  spark  gap.  It  can  be  ar- 
ranged so  that  for  long  sparks  only  one  spark  passes  per  second  or 
for  short  sparks  several  thousand  pass  per  second,  and  as  each  spark 
passes  it  will  register  a  sharp  click  in  the  telephone  receiver.  De- 
creasing the  spark  length  from  the  longest  sparking  distance  will 
make  the  sparks  jump  faster  and  faster  until  for  very  short  spark 
lengths  the  sound  in  the  telephone  practically  passes  from  the  audible 
range.  The  results  obtained  with  the  telephone  suggest  the  assump- 
tion that  the  corona  current  with  a  spark  in  series  is  only  intermittent 
and  not  oscillatory. 

Boys's  method  consists  in  photographing  the  spark  directly  when 
the  image  from  it  sweeps  across  a  photographic  plate.  Boys  (19) 
used  a  system  of  six  revolving  lenses  set  in  one  solid  disc.  Each 
lens  was  mounted  a  little  offset  from  the  center  of  the  disc  as  com- 
pared with  those  adjacent,  so  that  the  image  from  it  would  not  over- 
lap the  others.  The  arrangement  of  the  apparatus  is  shown  in  Fig. 
54.  All  the  lenses  have  the  same  focal  length;  so  the  spark  gap  can 
be  focused  on  the  plate  through  ain^  one  of  them.  The  spark  gap  and 
the  photographic  plate  are  stationary,  but  since  the  lenses  move,  the 
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Fig.  55,    Photogeaphs  of  Oscillatory  and  Unidirectional  Sparks 
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focus  of  the  spark  shifts  from  one  point  to  another  across  the  plate 
leaving  its  record  of  instantaneous  images. 

A  small  motor  drives  the  lenses  at  a  speed  of  aboat  6000  r.  p.  m. 
The  lenses  are  set  about  four  inches  from  the  center  of  the  disc  so 
that  it  is  possible  to  get  a  linear  speed  of  approximately  100  ft.  per 
sec.  across  the  face  of  the  photographic  plate. 

By  this  method  it  is  possible  to  analyze  the  spark  and  to  deter- 
mine whether  it  is  of  an  oscillatorj^  or  unidirectional  character.  An 
oscillator}"  spark  will  give  an  irregular  band  of  light  across  the  plate 
(see  Fig.  55 A),  while  a  unidirectional  spark  leaves  only  a  sharp 
line  (see  lines  in  Fig.  55B). 

For  rough  determinations  it  is  easy  to  observe  the  image  of  the 
spark  on  the  ground  glass  plate  and  to  find  quickly  if  the  spark  is 
oscillatory  or  not.  If  it  is  oscillatory,  one  can  observe  the  approxi- 
mate frequency  and  duration  of  the  spark.  For  more  nearly  ac- 
curate determinations  photographs  must  be  made  on  sensitive  plates 
and  observations  and  measurements  made  from  them. 

Several  observations  were  made  with  this  method  for  various 
spark  lengths  and  speed  of  lenses  using  both  air  and  hydrogen  in  the 
corona  tube.  .  In  the  first  experiment  corona  was  produced  in  air  at 
a  pressure  of  500  mm.  by  a  potential  of  14,000  volts.  The  spark  gap 
was  about  1.5  mm.  in  length  and  the  lenses  were  driven  at  a  speed 
of  2,000  r.  p.  m.  A  photograph  was  taken,  but  the  individual  sparks 
showed  no  trace  of  being  oscillatory. 

To  spread  out  the  individual  spark  images  the  lenses  were 
driven  at  the  higher  speed  of  6,000  r.p.m.  and  the  spark  gap 
set  at  1.19  mm.  This  arrangement  allowed  a  passage  of  nearly  2,500 
sparks  per  second  and  a  speed  of  about  100  ft.  per  sec.  across  the 
plate.  The  half-tone,  Fig.  55B,  clearly  showed  that  the  sparks  were 
not  of  an  oscillatory  character  but  unidirectional,  that  only  a  sharp 
line  was  recorded  as  each  spark  passed,  and  that  the  duration  was  less 
than  1-100,000  second.  Each  spark  was,  moreover,  a  little  brighter 
at  the  negative  electrode,  and  showed  that  all  the  sparks  passed  in 
the  same  direction  and  were  of  the  same  character. 

With  hydrogen  in  the  tube  at  a  pressure  of  744  mm.  and  a 
potential  of  9,400  volts  photographs  were  taken  when  the  spark  gap 
was  0.75  mm.  and  0.3  mm  in  length.  For  the  0.75  mm.  gap  the  fre- 
quency of  the  sparks  was  about  10  per  second  and  produced  a  large 
number  of  silvery  streamers  in  the  corona  tube.     When  the  gap  was 
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reduced  to  0.3  mm.,  several  hundred  sparks  passed  per  second  and 
the  corona  tube  was  completely  filled  with  streamers.  In  every  case 
the  sparks  were  unidirectional,  sharp  and  clear-cut,  and  showed 
no  oscillator}'  character  whatever. 

To  determine  the  form  of  the  current  curves  when  the  spark  is 
in  series  a  special  hot-lime-cathocle  Braun  tube  was  designed  and  con- 
structed as  shown  in  Fig.  56. 

A  narrow  platinum  strip,  P,  fastened  to  the  insulated  brass 
blocks,  5^5 2,  is  heated  by  an  auxiliary  current  passing  through  the 
leading-in  conductors,  C^Cz'  A  small  spot  of  calcium  oxide  placed 
apon  this  heated  strip  has  a  peculiar  property  of  giving  off  a  stream 


Fig.  .56.     The  Adjustable  Hot-Lime  Cathode 
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of  slow  moving  electrons  when  used  as  cathode  in  a  discharge  tube 
at  a  very  low  pressure.  It  is  necessary  to  use  only  a  low  potential 
of  nearly  400  volts  between  anode  A  and  cathode  C.  The  block  hold- 
ing the  platinum  strip  was  mounted  upon  a  gimbal  support,  as 
shown,  in  order  that  the  soft  cathode  beam  could  be  easily  adjusted 
through  a  hole  in  the  diaphragm,  D,  fall  upon  the  fluorescent  screen, 
S,  and  there  produce  a  spot  of  maximum  brightness.  This  double 
adjustment  is  necessary,  for  it  is  impossible  to  assure  by  construction 
the  exact  direction  of  the  beam. 

If  a  very  weak  magnetic  field  is  placed  at  right  angles  to  this 
beam  of  slow  moving  electrons,  the  beam  will  be  deflected  and  the 
bright  spot  shifted  on  the  fluorescent  screen.  When  the  magnetic 
field  is  alternating  or  pulsating,  the  rapidly  moving  spot  will  cause 
a  line  to  be  seen  on  the  screen.  If  this  line  is  observed  in  a  mirror 
rotating  at  right  angles  to  it,  the  line  is  spread  out  into  a  curve  repre- 
senting the  variations  in  the  current  of  the  coil  which  excites  the  mag- 
netic field. 

The  coil  used  had  about  3,000  turns  of  No.  26  enameled  copper 
wire  wound  in  two  sections  and  mounted  so  that  it  could  be  fitted 
closely  to  the  neck  of  the  tube. 

It  might  be  advantageous  to  note  briefly  some  of  the  details 
necessary  in  constructing  and  operating  the  hot-lime-cathode  Braun 
tube. 

(1)  The  cathode  should  be  adjustable  in  order  to  get  a 
spot  of  maximum  brightness. 

(2)  A  diaphragm,  D,  is  necessary  to  eliminate  extraneous 
light  from  the  hot  platinum  strip  and  to  stop  down  the  divergent 
cathode  beam. 

(3)  The  cathode  should  be  as  near  the  fluorescent  screen 
as  the  sensitiveness  of  the  apparatus  permits. 

(4)  CaO  mixed  with  a  small  quantity  of  BaNOs  insures 
a  longer  life  to  the  lime  and  may  be  easily  applied  as  a  paste. 

(5)  The  anode  should  be  near  the  cathode,  for  instance, 
1  cm.  distant. 

(6)  The  potential  may  be  as  low  as  300  volts  and  pref- 
erably from  a  constant  source,  as  from  storage  cells. 

(7)  The  pressure  must  be  very  low  and  may  even  be 
assisted  with  charcoal  and  liquid  air.     Gases  are  given  oif  from 
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the  lime  cathode  freely  aud   necessitate   constant   pnmping  if 
the  tube  is  to  be  used  for  any  length  of  time. 

With  this  hot-lime-cathode  apparatus  it  was  easy  to  observe  in 
the  rotating  mirror  the  forms  of  the  current  curves  when  a  spark 
passed  and  when  the  current  flowed  through  the  corona  tube.  The 
field  coil  was  connected  in  series  with  the  circuit:  (1)  between  the 
spark  gap  and  the  corona  tube,  and  (2)  between  the  corona  tube  and 
ground  or  negative  terminal  of  the  generators  (see  Fig.  52).  The 
current  forms  are  sketched  in  Fig.  57  as  they  were  observed  in  both 
of  these  positions  and  for  the  conditions  (N)  when  there  was  no 
spark,  (*S^)  when  sparks  were  passing  slowly,  and  (F)  when  sparks 
were  passing  rapidly. 

With  the  coil  in  the  position  (1)  and  with  no  spark,  the  current, 
N^,  was  observed  to  be  a  unidirectional  one  with  an  irregular  and 
ragged  edge.  These  irregularities  are  noticeable  and  are  probably 
due  to  poor  commutation  at  the  machines  as  well  as  fluctuations  in 
their  speed  of  rotation. 

With  a  few  sparks  passing,  for  instance,  three  per  second,  the 
current,  ^S^^,  suddenl}^  jumps  to  a  maximum  each  time  a  spark  passes 
and  then  more  gradually  falls  to  zero.  The  current  is  alwaj^s  in  one 
direction  and  its  maximum  value  is  larger  than  iV^. 

Wlien  the  spark  gap  is  adjusted  so  that  sparks  pass  more  rapidly, 
the  current,  ?\,  has  the  same  shape  as  8^  except  that  the  impulses  are 
crowded  closer  together. 

With  the  field  coil  connected  in  the  position  (2),  without  spark, 
the  current,  iV,,  is  constant  and  gives  a  straight  line. 

With  only  a  few  sparks  per  second  a  peaked  current  form,  8^, 
rises  rapidly  and  decays  more  slowly  than  in  8^^. 

For  a  greater  frequency  of  sparks  the  ionization  comes  into  play 
in  a  more  pronounced  fashion.  The  ionization  current  does  not  have 
time  to  reduce  to  zero  between  consecutive  impulses  from  the  spark, 
and  so  the  resultant  effect  is  a  direct  current,  F^,  ordinarily  called  a 
pulsating  current,  with  peaks  that  correspond  to  the  sparks  passing 
on  the  other  side  of  the  tube. 

These  current  forms  are  essentially  the  same  both  when  the  wire 
is  positive  and  negative.  They  show  directly  that  there  are  no  os- 
cillations in  the  series  spark  nor  in  the  corona  tube.  If  there  were 
surges  or  oscillations  left,  they  would  have  to  be  exceedingly  weak  and 


/(5 


i 

■vl 

Vf-r 

•N  ,J 

1,.  . 

f\ 

N 
{•  • 

I 

_- A. 

i 

N2 

^  V  "V-  vj  .,   V   "--.ii  J  \f    1  V    V-'^-  -    V 

i 

1 

^1 

^2 

i_ 

L    ^. 

i 

^     K.  . 

— 



1-. 

\ 
\ 

V 

\ 

1 

L 

[ 

1 
\ 

L 

1 

^t 

i 

1 

Tig.  57.     Current  Forms  in  the  Spark  and  Corona  Tube 


CORONA  DISCHARGE  115 

of  very  high  frequency.  The  results  of  these  three  methods  show  con- 
clusively that  the  corona  current  with  a  spark  in  series  is  only  inter- 
mittent and  not  oscillatory. 


32.  The  Corona  and  the  Arc. — Electrical  discharges  in  gases 
at  pressures  near  that  of  the  atmosphere  may  be  divided  into  five 
classes.     These  are : 

(1)  '  The  dark  discharge,  where  a  small  current  passes 
through  gas  without  making  itself  visible. 

(2)  The  glow  discharge,  where  a  larger  current  passes 
and  the  gas  in  the  immediate  neighborhood  of  the  electrodes 
becomes  faintly  luminous. 

(3)  The  brush  discharge,  such  as  that  from  points  where 
the  glow  is  irregular  and  extends  into  the  gas  some  distance 
from  the  electrodes. 

(4)  The  spark  discharge,  which  is  a  transient  phenomenon 
bridging  the  whole  distance  between  the  electrodes,  accompanied 
by  a  bright  light  and  a  comparatively  large  current. 

(5)  The  arc,  in  which  a  large  current  passes  between 
the  electrodes  in  the  gas  and  the  ionized  vapors  of  the  electrodes 
producing  a  continuous  light. 

Any  one  of  the  first  forms  of  discharge  may  be  converted  into 
any  one  of  the  latter  forms  by  an  increase  in  the  potential  between 
the  electrodes,  depending  upon  the  nature  and  pressure  of  the  gas, 
and  the  spacing,  size,  capacity,  and  shape  of  the  electrodes. 

The  corona  may  be  classed  as  a  glow  discharge  like  the  positive 
wire  without  a  spark,  or  as  a  brush  discharge  like  the  negative  beads 
or  the  positive  streamers.  This  glow  or  brush  discharge  easily  goes 
over  into  the  arc,  and  in  the  following  paragraphs  this  transaction  will 
be  considered. 

It  has  often  been  observed  that  an  arc  easily  forms  in  the  tube 
when  the  line  switch  connecting  the  tube  is  opened,  especially  when 
the  wire  in  the  corona  tube  is  positive  and  a  fairly  large  current  is 
passing  in  the  discharge.  The  conclusions  drawn  from  the  available 
data  are  as  follows: 
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(1)  For  a  given  configuration  of  electrodes  the  arc-over 
takes  place  as  soon  as  the  current  has  reached  a  certain  value 
which  is  nearly  constant  for  all  pressures. 

(2)  Arc-over  occurs  at  lower  voltages  for  smaller  wires. 

(3)  At  low  pressures  arc-over  for  the  negative  wire  oc- 
curs at  less  voltage  than  for  the  positive  wire. 

(4)  At  high  pressures  (near  atmospheric)  arc-over  for 
the  positive  wire  takes  place  at  a  less  voltage  than  for  the  nega- 
tive wire. 

The  water  resistance  connected  between  the  generators  and  the 
main  bus  bar  was  replaced  by  a  0.5  ampere  fuse  in  order  to  see  if 
it  had  any  effect  on  the  corona  discharge  with  and  without  a  spark. 
The  visual  forms  were  studied  with  the  coaxial  cylinders  (the  inner 
one  being  No.  20  copper  wire)  as  well  as  with  parallel  (No.  20  cop- 
per) wires  as  electrodes. 

With  the  cylindrical  electrodes  the  general  results  obtained 
showed  that  the  usual  characteristic  visual  forms  of  the  corona  dis- 
charge were  not  materially  altered  for  positive  wire  or  for  nega- 
tive wire  with  and  without  a  series  spark.  The  only  noticeable 
change  was  an  increased  brightness  in  the  positive  uniform  glow, 
streamers,  and  negative  beads.  With  the  water  resistance  cut  out  the 
available  energy  was  increased  about  one  hundred  times  or,  in  other 
words,  to  10  kilowatts.  The  negative  beads  and  the  positive  stream- 
ers while  much  brighter  were  also  in  a  more  agitated  state  than  before 
the  increase  in  energy.  They  moved  rapidly  back  and  forth  on  the 
wire  and  would  go  over  into  the  arcing  stage  much  easier  than  they 
would  with  water  resistance  connected.  The  axial  wire  was  No.  20 
copper  tightly  stretched,  but  it  was  easily  set  into  violent  vibrations,  at 
739  mm.  pressure  and  12,700  volts,  within  a  few  seconds  after  closing 
the  line  switch.  The  applied  potential  fluctuated  at  times  as  much  as 
100  volts  and  the  result  was  a  more  unsteady  discharge.  The  water 
resistance  has  the  effect  of  damping  out  the  smaller  variations. 

The  ease  with  which  the  arc  formed  was  also  noticed  in  experi- 
ments with  No.  20  wires  strung  parallel  with  each  other,  placed  % 
inch  apart  and  sealed  into  a  glass  tube. 

With  hydrogen  it  was  noticed  that  when  the  wire  was  at  a  given 
potential  above  the  critical  glow  voltage,  the  current  in  the  beads 
would  increase  ^^^th  the  time,  the  beads  would  increase  in  size  and 
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in  a  short  time  would  combine  to  form  an  arc.    Detailed  observations 
were  made  ou  this  point. 

After  the  switch  was  closed,  several  beads  were  formed  which 
soon  combined  into  one  much  larger  and  brighter,  as  shown  in  Fig. 
58.  This  bead  seemed  to  take  hold  on  the  wire  at  a  surface  irregu- 
larity and  remained  fixed.  A  bright  reddish  spot  on  the  wire  formed 
the  base  of  the  bead,  while  a  bright  blue-white  core  extended  from 
this  spot  toward  the  bright  spots  on  the  edge  of  the  observation  slot 
and  shaded  off  into  a  milky  glow  or  brush.  As  time  proceeded  the 
core  grew  larger  and  brighter  and  the  milky  glow  of  the  brush 
reached  farther  toward  the  tube,  as  in  B.  Soon  a  faint  reddish  glow, 
C,  appeared  in  the  gas,  proceeded  from  the  bright  spots  on  the  tube, 
and  extended  toward  the  bead.     This  glow  continued  to  increase  in 


Fig.  58.     Evolution  op  Beads  into  the  Arc 
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Pig.  59.     Current  Increase  with  Time  for  Positive  Streamers 

brightness  for  a  short  time  until  the  arc,  D,  flashed  into  existence. 
The  arc  had  a  very  bright  tubular  blue-white  core  surrounded  by  a 
hazy  reddish  glow  and  extended  from  a  bright  reddish  spot  on  the 
wire  to  bright  white  on  the  tube.  The  negative  beads  and  perhaps 
the  positive  streamers  may  be  spoken  of  as  miniature  or  beginning 
arcs  which  unite  to  form  a  single  arc  when  the  current  density 
reaches  a  certain  value. 

The  curve  in  Fig.  59  will  serve  to  show  how  the  current  in  the 
streamers  increases  with  the  time.  At  a  potential  of  11,850  volts, 
somewhat  above  that  for  starting  corona  glow  in  air  at  751  mm. 
pressure,  a  spark  gap  of  0.18  mm.  length  was  placed  in  series  with 
the  tube.    Readings  of  the  current  were  taken  at  intervals  of  5  sec- 
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onds  and  when  plotted  resulted  in  the  given  curve.  An  arc  passed 
shortly  after  20  seconds,  but  the  maximum  current  before  it  occurred 
was  not  obtained. 

The  increase  of  the  current  depends  largely  on  the  sparking  dis- 
tance and  on  the  applied  voltage  (see  curve  a,  Fig.  60).  When 
the  spark  distance  from  zero  is  increased,  the  current  for  the  positive 
corona  decreases  accompanied  by  a  decreased  brightness  of  the  uni- 
form glow,  reaches  a  minimum  value,  and  as  the  streamers  appear 
rises  to  a  maximum  rapidly  and  falls  off  to  zero  for  a  large  spark 
distance.  The  streamers  are  brightest  at  the  maximum  current  value 
and  are  always  connected  with  a  large  current.  The  corresponding 
negative  curves  show  no  such  a  maximum,  with  increasing  voltage 
the  positive  current  increases  very  rapidly. 

In  order  to  test  the  relative  magnitude  of  the  current  due  to  the 
accumulation  of  ions  and  that  due  to  the  spark,  a  current-spark  dis- 
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Fig.  61.     Characteristic  Curves   with  and   without  Series  Spark 

tance  curve  was  taken,  when  the  tube  was  closed,  and  another  when 
a  small  current  of  air  was  passing  through  the  tube  sweeping  out  some 
of  the  ionized  gas. 

The, curves  are  given  in  Fig.  60,  curve  a,  being  taken  with  the 
tube  closed  using  a  potential  of  11,850  volts,  and  curve  &  with  a  stream 
of  air  passing  which  necessitated  a  higher  corona  voltage;  namely, 
13,100  volts. 
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Curve  h  still  has  the  characteristic  maximum  in  the  curve,  but 
it  is  very  much  reduced  in  size,  whereas  curve  a  has  a  very  pro- 
nounced maximum  of  a  large  value.  These  curves  portray  in  a  strik- 
ing manner  the  effect  a  short  spark  has  in  producing  a  very  great 
ionization  in  the  gas,  and  also  makes  it  easy  to  conceive  how  the 
positive  arc  takes  place  so  readily  when  the  switch  remains  closed 
for  a  little  time  or  is  suddenly  opened  while  a  large  current  is  passing 
in  the  tube. 

The  ordinary  characteristic  current-voltage  curves  as  obtained 
in  the  process  of  experiments  without  a  series  spark  give  the  nega- 
tive characteristic  as  lying  above  the  positive.  This  relative  position 
is  maintained  in  all  cases,  with  one  or  two  minor  exceptions. 

When  a  short  spark  is  placed  in  series  with  the  corona,  these 
positions  are  reversed  and  the  positive  curve  lies  above  the  negative, 
except  at  the  starting  point  where  the  curves  cross  and  give  a  lower 
starting  potential  for  the  negative  wire  (See  Fig.  61).  The  starting 
potential  with  the  spark  in  series  is,  however,  higher  than  for  the 
other  case.  It  might  be  pointed  out  also  that  the  characteristics  taken 
with  a  series  spark  are  more  widely  separated  than  those  taken  with- 
out, and  thus  they  show  a  wider  variation  in  the  current  from  the 
positive  and  negative  wires  for  a  given  voltage. 

It  was  found  when  the  spark  gap  was  closed  while  current  was 
flowing  that  the  current  would  drop  in  a  short  time  to  a  position  on 
the  ordinary  characteristic  curve.  If  the  wire  is  positive  at  11,000 
volts  and  a  0.12  mm.  spark  is  in  series,  for  instance,  a  current  of 
6.2"  10  — *  amperes  will  flow.  Short-circuiting  the  spark  gap  will  cause 
the  current  to  drop  to  the  value  4.6' 10  — *  amperes  which  is  a  point 
on  the  ordinary  positive  characteristic  curve.  Similarly  by  short- 
circuiting  the  spark  gap  when  the  wire  is  negative  the  current  will 
increase  to  a  value  which  lies  on  the  ordinary  negative  characteristic. 
These  observations  again  show  that  the  positive  streamers  carry  a 
large  current. 

Without  a  spark  gap  in  series  with  the  tube,  the  ordinary  uni- 
form positive  glow  is  formed  by  ionization  in  the  gas  near  the  wire 
where  the  field  strength  is  greater  than  thirty  kilovolts  per  centimeter, 
the  current  being  carried  by  both  positive  and  negative  ions.  The 
usual  negative  corona  discharge  begins  critically  as  a  uniform  glow 
similar  to  that  of  the  positive  discharge  but  has  a  greater  thickness. 
The  brushes  or  negative  beads,  soon  formed  by  a  slight  potential 
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increase,  bear  a  similarity  to  the  arc.  This  fact,  in  addition  to  the 
position  of  the  negative  characteristic  curves  and  to  the  influence 
which  the  surface  condition  and  the  material  of  the  wires  have  on  the 
beads,  leads  to  the  belief  that  an  electron  emission  is  present  in  addi- 
tion to  ionization  by  collision  in  the  gas. 

The  case  is  somewhat  different  when  a  series  spark  gap  is  used. 
'The  corona  tube  may  be  considered  as  a  leaky  condenser  connected 
in  series  with  a  spark  gap  and  a  constant  source  of  high  potential. 
A  charge  will  build  up  to  the  condenser  until  the  potential  difference 
of  the  spark  gap  is  sufficient  to  break  down  the  air  between  the 
electrodes.  An  instantaneous  unidirectional  current  will  glow  across 
the  spark  gap  and  at  the  same  time  the  potential  across  the  tube 
will  increase  to  a  point  where  the  corona  is  formed.  The  current 
now  passing  through  the  tube  will  immediately  reduce  the  potential 
of  the  spark  gap  below  its  critical  point  and  the  circuit  will  be  broken. 
The  process  is  then  repeated. 

The  more  nearly  uniform  appearance  of  the  negative  corona  can 
now  be  explained  as  a  super-imposed  building-up  and  decay  of  the  nega- 
tive glow  discharge  through  its  different  stages  as  the  potential  on  the 
tube  fluctuates.  The  positive  streamers  have  at  times  been  observed 
at  critical  voltages  on  rough  wires  when  no  spark  was  in  series. 
These  streamers  are  similar  to  the  positive  brush  discharges  observed 
from  pointed  electrodes  maintained  at  high  positive  potentials.  Their 
characteristic  presence  in  the  corona  tube  when  a  spark  is  in  series 
is  due  probably  to  the  sudden  impression  of  a  strong  fleld  and  may 
be  accompanied  by  a  discharge  of  positive  metallic  ions,  since  it  has 
been  observed  that  the  surface  of  the  wire  becomes  disintegrated  at 
points  where  these  streamers  are  maintained. 

The  following  conclusions  have  been  made : 

(1)  A  spark  gap  in  series  with  the  discharge  tube  affects  the 
positive  and  negative  corona  in  very  characteristic  and  striking  ways. 

(2)  The  changes  are  due  to  intermittent  currents. 

(3)  A  hot-lime- cathode  Braun  tube  has  been  developed 
and  used  in  observing  the  weak  pulsating  currents  which  pass 
through  the  spark  and  the  corona  tube. 

(4)  Evidence  has  been  given  to  show  the  relation  of  the 
corona  to  the  arc  discharge. 

(5)  An  attempt  at  an  explanation  of  the  pulsating  current 
has  been  made. 
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CHAPTER  XI 

Other  Types  of  Corona  Discharge 

Two  wires,  0.167  mm.  in  diameter,  were  arranged  parallel,  two 
centimeters  apart,  inside  a  glass  tube.  Photographs  given  in  Fig.  62 
were  taken  showing  the  discharge  between  parallel  wires  at  reduced 
pressures  with  and  without  a  series  spark.  The  three  lower  half-tones 
show  the  typical  isolated  brush  discharge  on  the  negative  wire  with 
corresponding  luminous  sections  of  the  positive  wire.  The  negative 
brushes  had  a  brilliant  nucleus  with  a  fainter  glow  spreading  out 
from  it.  For  pressures  lower  than  those  for  which  the  photographs 
were  taken,  the  discharge  became  more  brilliant;  the  brushes  spread 
further  apart  and  increased  in  size.  Each  section  of  the  positive 
glow  was  usually  of  uniform  brilliancy.  For  comparatively  low  pres- 
sures and  high  voltage  the  positive  sections  became  somewhat  dis- 
continuous, and  bright  spots  mixed  with  the  uniform  glow. 

Two  No.  36  wires  were  stretched  three  centimeters  apart  over 
hard  rubber  bridges  in  order  to  be  parallel  and  the  discharge  between 
them  was  studied.  When  the  visible  discharge  was  fairly  started, 
it  took  the  form  of  a  uniform  continuous  glow  along  the  negative 
wire.  It  was  discovered  that  the  humidity  of  the  air  had  a  marked 
effect  upon  the  discharge. 

The  introduction  of  a  short  spark  in  series  made  a  marked  change 
in  the  nature  of  the  discharge.  Both  wires  were  more  or  less  com- 
pletely covered  with  a  nearly  uniform  glow  and  there  was  no  longer 
any  marked  difference  between  positive  and  negative  (see  Fig.  62). 
At  low  pressures  and  relatively  high  voltage  the  discharge  between 
the  wires  resembled  a  sheet  of  luminous  rain.  An  intermediate  effect 
had  bluish  streamers  between  the  wires. 

A  platinum  tip  was  arranged  to  be  moved  from  one  wire  to  the 
other  and  thus,  as  shown  in  Chapter  VII,  the  distribution  of  potential 
between  the  wires  was  determined.  Three  explorations  were  made, — 
namely,  when  the  voltages  were  8,000,  10,000,  and  12,000  volts. 

Fig.  63  shows  the  curves  for  the  field  distribution  and  also  the 
distribution  of  the  field  as  calculated  from  the  electrostatic  formula. 
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The  curves  show  that  the  actual  distribution  of  the  field  departs 
wddely  from  the  electrostatic  formula,  especially  at  the  lower  voltages. 
A  large  anode  and  cathode  fall  of  potential  exists. 

A  study  of  the  corona  on  a  wire  at  the  axis  of  a  short  cylinder 
was  undertaken  in  order  to  increase  the  knowledge  concerning  the 
losses  which  occur  in  high  voltage  transformer  bushings,  in  wall, 
ceiling  and  line  insulators.  For  preliminary  experiments  it  was  de- 
cided to  have  air  as  the  insulating  medium  and  to  use  a  wire  passing 
through  the  axis  of  a  short  cylinder. 

The  apparatus  consisted  of  an  aluminum  disc,  2  mm.  thick,  with 
a  round  hole  16  nun.  in  radius  at  its  center,  placed  in  a  horizontal 
plane.  A  vertical  wire  passed  through  the  center  of  the  hole.  This 
apparatus  was  enclosed  in  a  glass  jar  so  that  dry  air  could  be  ad- 
mitted. 

The  visual  phenomena  of  this  corona  depend  on  the  polarity  as 
in  the  case  of  coaxial  cylinders,  but  the  variety  of  the  phenomena  is 
even  greater.  If  the  wire  is  positive,  the  corona  is  uniform  along 
the  wire  over  a  large  range  of  voltages  and  pressures.  Below  130 
mm.  of  mercury  pressure  the  typical  positive  glow  will  collapse  to 
a  much  shorter  and  brighter  glow,  a  few  seconds  after  the  switch 
is  closed.  After  the  voltage  is  increased,  the  luminous  strip  on  the 
positive  A^are  takes  its  final  form  of  a  triangular  flag  diverted  toward 
the  negative  bead  on  the  disc.  With  increasing  voltage,  the  negative 
head  on  the  disc  becomes  brighter  and  is  accompanied  by  a  ring  of 
light  along  the  edge  of  the  disc.  The  colors  of  the  positive  and  nega- 
tive glow  are  distinctly  different. 

If  the  polarity  is  reversed,  the  wire  becomes  negative,  the  disc 
becomes  positive  and  the  positive  gloAV,  at  first  uniform  along  the 
edge  of  the  disc,  breaks  into  distinct  beads.  These  positive  beads 
move  around  the  periphery  of  the  disc,  while  at  the  same  time  the 
negative  bead  travels  up  and  down  along  the  vertical  wire.  This 
phenomenon  is  illustrated  by  Fig.  64.  For  higher  pressures  there 
appears  a  large  number  of  negative  beads  on  the  central  wire  ac- 
companied by  a  weak,  uniform,  circular,  positive  glow  along  the  edge 
of  the  disc.  A  spark  in  series  with  this  corona  modifies  the  appear- 
ance in  a  way  analogous  to  that  of  the  coaxial  cylinders. 

The  starting  point  of  the  corona  for  positive  and  negative  wires 
has  been  observed;  the  results  resemble  those  obtained  in  the  fore- 


(a)   Arp  i;.-  Series,  Tressure  312.2   ihm.,  Volts  8000,  Amperes  1.80X10—4 


(6)   Arc  ix  Series,  Pressure  312.2  mm..  Volts  SOOO,  Amperes   1.14X10—4 


(c)   No  Arc,  Pressure  312.2  mm..  Volts  8000,  Amperes  2.35X10—4 


(d)  Xo  Arc,  Pressure  450. O  mm..  Volts  8700 


(e)  No  Arc,  Pressure  450.0  mm.,  Volts  ,S400 


Fig.  62.     Corona   between   Parallel   Wires   at   Reduced   Pressures 
Lower  Wire  is  Positive  in  Every  Case 
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going.     The  characteristic  curves  also  are  similar  to  those  obtained 
with  wire  and  cylinder. 

The  experimental  knowledge  of  the  corona  is  still  very  incom- 
plete. Little  has  so  far  been  done  in  the  spectroscopic  analysis  of  the 
various  light  phenomena  which  accompany  the  corona.  It  has  been 
found,  for  instance,  that  the  negative  beads  in  hydrogen  do  not  give 
the  characteristic  series  lines  of  hydrogen,  but  rather  a  continuous 
band  in  the  red  and  yellow  region  of  the  spectrum.  It  is  hoped  the 
knowledge  in  this  field  will  be  increased  in  a  short  time.  Mechanical 
vibrations  of  the  wires  and  an  electric  wind  have  been  mentioned 
occasionally,  but  these  phenomena  also  require  further  study. 


n% 


Tig 


Corona  on  a  Wire  at  the  Axis  of  a  Short  Cylinder 
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THE  RELATION  BETWEEN  THE  ELASTIC  STRENGTHS  OF 
STEEL  IN  TENSION,  COMPRESSION,  AND  SHEAR 


I.     Introduction 

1,  Preliminary. — ^This  bulletin  presents  the  results  of  experi- 
ments with  six  grades  of  steel,  three  carbon  steels  and  three  alloy 
steels ;  namely,  soft,  mild,  and  medium  carbon  steel ;  and  vanadium, 
nickel,  and  chrome-nickel  alloy  steel.  The  elastic  strength  in  tension, 
in  compression,  and  in  shear  is  given  for  each  of  the  six  grades  of 
steel.  The  elastic  strength  in  shear  is  found  from  tests  in  torsion  with 
solid  cylindrical  specimens  and  with  thin-walled  hollow  cylindrical 
specimens.  Furthermore,  a  factor  is  found  by  the  use  of  which  the  true 
or  correct  shearing  elastic  strength  may  be  calculated  from  the  elastic 
strength  obtained  from  a  test  of  a  solid  specimen.  The  ratio  of  this 
true  elastic  shearing  strength  to  the  elastic  tensile  strength  is  given 
for  each  grade  of  steel  and  its  bearing  on  the  theory  of  combined  stress 
is  discussed.  The  ratio  of  the  elastic  tensile  strength  to  the  elastic 
compressive  strength  is  also  given  and  the  effect  of  the  amount  of 
rolling  upon  the  elastic  tensile  and  compressive  strengths  is  discussed. 
The  effect  of  the  direction  of  rolling  upon  all  three  elastic  strengths 
is  considered  for  one  of  the  materials ;  namely,  nickel  steel. 

Our  knowledge  of  the  breakdown  of  elastic  action  of  ductile 
materials,  particularly  in  the  case  of  combined  loading,  is  far  from 
complete.  The  various  theories  of  combined  stress  lead  to  results 
which  differ  rather  widely  when  applied  to  various  machine  parts  or 
to  structural  elements,  such  as  thick  cylinders,  flat  plates,  crank 
shafts,  webs  of  girders,  etc.  The  maximum  shear  theory  of  combined 
stress  for  ductile  m.aterials  as  expressed  by  Guest's  law,  which  has 
gained  rather  wide  acceptance  in  recent  years,  assumes  that  the  elastic 
shearing  strength  is  one-half  of  the  elastic  tensile  strength.  Available 
experimental  results,  however,  have,  in  general,  failed  to  justify  this 
assumption.  The  importance  of  the  limitation  imposed  by  the  shear- 
ing stress  upon  the  elastic  strength  of  ductile  material  is,  of  course, 
generally  recognized.  If  the  maximum  strain  theory  holds  until  the 
shearing  yield  point  is  reached,  as  is  indicated  in  recent  tests,*  it  is  of 


*See  Bulletin  No.  85,  Engineering  Experiment  Station,   University  of  Illinois,   "Strength 
and  Stiffness  of  Steel   under  Biaxial  Loading,"  by  A.  J.  Becker. 
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special  importance  to  know  the  relation  between  the  shearing  and  the 
tensile  (and  compressive)  elastic  strengths  for  various  grades  of  duc- 
tile and  semi-ductile  steels.  The  main  object  of  the  investigation 
herein  recorded  was  to  determine  carefully  the  elastic  shearing 
strength  of  ductile  and  semi-ductile  steel  and  to  find  the  ratio  of  the 
elastic  shearing  strength  to  the  elastic  tensile  strength  with  the  hope 
that  definite  information  would  thereb}^  be  obtained  on  the  breakdown 
of  the  elastic  action  of  various  grades  of  steel  and  on  the  limits  of  the 
theories  of  combined  stress. 

Apart  from  the  problem  of  combined  stress  there  has  been  also  a 
lack  of  knowledge  of  the  correct  elastic  shearing  strength  of  various 
grades  of  steel  and  of  the  general  nature  of  elastic  shearing  failure 
as  well  as  of  methods  of  determining  the  correct  shearing  strength 
from  tests. 

The  facts  brought  out  in  connection  with  the  elastic  compressive 
strengths  of  the  various  materials  tested  should  also  add  to  our  know- 
ledge of  the  elastic  behavior  of  steel  and  it  is  felt  that  questions  are 
raised  which  may  become  of  considerable  importance.  There  is  some 
evidence  indicating  that  the  amount  of  rolling  (roughly  indicated  by 
the  thickness  of  the  rolled  material)  may  become  an  important  factor 
in  the  selection  of  the  proper  criterion  of  elastic  strength  as  well  as 
in  estimating  the  elastic  compressive  and  shearing  strengths  from  a 
tension  test.  This  question  may  be  of  considerable  importance  in  con- 
nection with  compression  members  and  with  certain  cases  of  combined 
stress.  It  may  also  have  an  important  bearing  on  the  problem  of  the 
fatigue  of  steel  under  repeated  stress. 

The  severe  uses  under  the  many  and  varied  new  conditions,  such 
as  have  arisen  during  the  war,  and  the  development  of  new  require- 
ments for  machine  parts  have  brought  out  the  need  for  fuller  informa- 
tion on  the  physical  properties  of  carbon  and  alloy  steel.  This  bulletin 
is  presented  as  a  contribution  toward  filling  this  need. 

2.  Acknowledgment. — All  of  the  experimenting  was  done  in 
the  Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois. 
Acknowledgment  is  made  to  Professors  A.  N.  Talbot  and  H.  F.  Moore 
for  the  interest  sliowTi  and  helpful  suggestions  offered  during  the  in 
vestigation.  Some  preliminary  experimenting  had  been  done  by 
Professor  Moore  to  determine  the  merits  of  various  forms  of  shear 
specimens.  This  work  was  found  to  be  of  considerable  value  in  plan- 
ning certain  parts  of  the  investigation  herein  described. 
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II.     Materials,  Test  Specimens,  and  Method  of  Testing 

3.  Materials. — As  already  stated,  six  grades  of  steel  were  tested ; 
namely,  soft,  mild,  and  medium  carbon  steel,  and  vanadium,  nickel, 
and  chrome-nickel  alloy  steel.  Chemical  analyses  were  made  of  the 
nickel  steel  and  the  chrome-nickel  steel  only.  All  of  the  material 
except  the  nickel  and  the  chrome-nickel  steel  was  bought  in  the  open 
market.  The  nickel  steel  specimens  were  cut  from  one  of  the  ends  of 
the  untested  riveted-joint  test  specimens  made  for  the  Board  of  En- 
gineers of  the  Quebec  Bridge.  (The  other  riveted-joint  specimens 
were  tested  at  the  University  of  Illinois  and  a  report  of  the  tests  was 
made  in  Bulletin  No.  49  of  the  Engineering  Experiment  Station. )  The 
chrome-nickel  steel  specimens  were  made  from  %-inch  square  bars  of 
the  same  material  as  that  used  in  the  chrome-nickel  steel  riveted-joint 
specimens  also  described  in  Bulletin  No.  49  referred  to  above.  The 
chemical  analyses  of  these  two  alloy  steels  as  reported  in  Bulletin  No, 
49  are  given  in  Table  I. 

Table  1 
Chemical  Composition  of  Nickel  and  Chrome-Nickel  Steel 


Element 


Nickel  Steel 
Per  Cent 


Chrome-Nickel  Steel 
Per  Cent 


Carbon 

Sulphur 

Phosphorus . 
Manganese . 

Nickel 

Chromium  . 


0.258 
0.008 
0.044 
0.700 
3 .  330 


0.191 
0.035 
0.042 
0.485 
0.733 
0.170 


All  of  the  specimens  of  chrome-nickel  steel  did  not  come  from  the 
same  bar.  Three  different  bars  rolled  from  the  same  heat  were  used. 
The  medium  steel  specimens  were  made  from  two  bars  supposed  to  be 
of  the  same  material  and  billed  as  40-point  carbon  steel.  The  speci- 
mens of  each  of  the  other  four  materials  were  made  from  the  same  bar 
or  piece.  All  of  the  material  was  hot-rolled  only.  No  cold-rolled 
material  was  used.  The  specimens  of  soft  steel  came  from  a  bar  3V2 
inches  in  diameter  by  20  feet  in  length.    The  mild  steel  specimens  and 
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also  the  vanadium  steel  specimens  were  cut  from  a  bar  %  ^ch  in 
diameter  by  16  feet  in  length ;  the  nickel  steel  specimens  were  cut  from 
a  slab  2  inches  in  thickness  by  7i/2  inches  in  width.  The  large  soft 
steel  bar  (3i/^  inches  in  diameter)  was  used  in  order  to  obtain  large 
torsion  specimens  as  well  as  small  ones. 

Although  the  chemical  analysis  of  all  of  the  materials  tested  can 
not  be  given,  the  range  of  material  used  is  well  indicated  by  the  elastic 
tensile  strengths  as  given  in  Table  2.  While  some  of  the  material 
used  did  not  have  a  well  defined  yield  point,  yet  all  six  grades  of  steel 
are  considered  to  be  ductile  or  semi-ductile  material  since  the  tensile 
fractured  area  in  all  cases  showed  a  considerable  reduction. 


Table  2 
Elastic  Tensile  Strengths  of  Materials  Used 


Materials 

Elastic  Strength* 
lb.  per  sq.  in. 

Carbon 

Steel 

Soft 

21  000 

Mild 

32  800 

45  000 

Vanadium 

52  500 

Alloy 

Nickel 

38  000 

Steel 

Chrome-nickel 

35  300 

♦Proportional  limit  (see  Fig.  5)  is  here  used  as  a  measure  of  the  elastic  strength. 

4.  Test  Specimens. — Tension,  compression,  and  shear  (torsion) 
specimens  were  made  from  each  of  the  six  materials.  Both  solid  and 
hollow  cylinders  were  used  for  the  torsion  specimens ;  hollow  specimens 
of  three  different  wall  thicknesses  were  tested.  In  general  from  three 
to  nine  specimens  of  each  type  were  tested  for  each  material.  The 
total  number  of  specimens  tested  was  160,  exclusive  of  a  considerable 
number  used  in  preliminary  tests  in  perfecting  the  measuring  appar- 
atus. In  obtaining  specimens  from  a  bar,  care  was  taken  to  cut  the 
specimens  in  rotation  so  as  to  avoid  the  effects  of  any  s^'stematic  varia- 
tion in  the  properties  of  the  material  along  the  bar.  In  the  case  of 
nickel  steel,  specimens  were  cut  from  a  slab  2  inches  thick  by  7%  inches 
wide  in  such  a  way  that  the  longitudinal  axes  of  some  of  the  specimens 
were  parallel  to  the  direction  in  which  the  slab  was  rolled,  while  the 
longitudinal  axes  of  other  specimens  were  perpendicular  to  the  direc- 
tion of  rolling.  Large  torsion  specimens  both  solid  and  hollow,  as 
well  as  small  ones,  were  made  from  the  3i/2-inch  bar  of  soft  steel. 


THE   RELATION  BETWEEN   THE   ELASTIC   STRENGTHS   OF   STEEL 


Tension   Sped  men 
-3£'ro4." ^ > 


-Ends  carefuf/y  squared ^^ 


^\^- 


Co/npression  Spec /men 


-S" 


3" 


-31 


So//d  Tors/oh  Spec/men 


-H' 


'^^^zzzzzzzzzs^zzzz^zzzzzzzzzzzzzzz^^^^ 


^=32  ^O  W 


yy////y^/////////y//////////^^^^^//////////>^/;^p^^    \ 


Ho/Zoa^  Torsion  Spec/men 
Fig.   1.     Form  and  Dimensions  of  Small   Test   Specimens 


Fig.  1  gives  the  dimensions  of  the  small  specimens  used  for  all  the 
materials  and  Fig.  2  gives  the  dimensions  of  the  large  specimens  of 
soft  steel.  Fig  3  shows  some  of  the  specimens  both  before  and  after 
testing  and  also  the  apparatus  used  for  measuring  the  thickness  of 
the  walls  of  the  small  hollow  specimens.  The  length  of  the  small  hollow 
specimens  was  limited  by  the  length  of  the  %-inch  hole  which  could 
be  drilled  through  the  specimens  from  one  end.  The  large  hollow 
specimens  were  first  drilled  from  both  ends  and  then  bored  out  to  the 
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(ej, /Medium  Ho/ Low  Torsi  on  Specimen 
Fig.  2.    Form  and  Dimensions  of  Large  Test  Specimens 


Fig.   3.     View  of   Some   of   the   Specimens 


V 


Fig.  4.     View  of  Deformation  Measuring  Apparatus 
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desired  inner  diameter.  After  the  desired  inner  diameter  was  obtained, 
each  specimen,  whether  small  or  large,  was  mounted  on  a  mandrel 
and  the  outside  diameter  turned  down  to  the  required  dimension. 
The  wall  thickness  of  the  hollow  specimens  was  measured  at  four 
points,  90°  apart,  around  each  of  four  sections  along  the  length  of 
the  specimens.  The  outside  diameters  at  each  of  the  four  sections 
were  also  taken  and  the  smallest  cross  section  was  used  in  the  calcula- 
tions. The  wall  thickness  could  be  read  to  0.0001  inch.  In  the  case  of 
the  large  hollow  specimens  the  wall  thickness  was  found  in  the  same 
way  although  larger  apparatus  was  required. 

5.  Tension  Tests. — The  tension  test  specimens  were  made  with 
threaded  ends  and  with  a  diameter  of  %  inch  (see  Figs.  1  and  2), 
A  2-inch  gage  length  was  used  with  all  the  specimens  except  those  of 
soft  steel  with  which  a  gage  length  of  8  inches  was  used.  The  long 
specimens  of  soft  steel  were  used  in  order  to  determine  the  modulus 
of  elasticity  more  accurately  than  could  be  done  with  specimens  hav- 
ing a  2-inch  gage  length.  The  modulus  of  elasticity  or  stiffness  of  the 
various  materials,  however,  is  not  discussed  in  this  bulletin. 

All  of  the  tension  tests  were  made  in  a  100  000-pound  Riehle 
universal  testing  machine  which  had  been  calibrated  over  the  range 
used  in  these  experiments.  Spherical  seated  holders  were  used  in  all 
of  the  experiments. 

The  extensometers  used  are  shown  in  Fig.  4.  The  unit-elonga- 
tion could  be  read  directly  to  0.00025  inch  per  inch  when  using  a 
1/1000-inch  Ames  dial  for  a  2-inch  gage  length,  or  to  0.000025 
inch  per  inch  when  using  a  1/10  000-inch  Ames  dial.  Both  dials 
were  used  but  it  was  found  that  there  was  little  advantage  in  using 
the  more  sensitive  dial.  The  unit-elongation  could  be  estimated  to 
one-tenth  of  the  above  values. 

6.  Compression  Tests. — The  compression  test  specimens  in  nearly 
all  cases  were  made  with  a  diameter  of  %  inch  and  with  a  length 
of  Zy2  inches  to  4  inches  as  shown  in  Figs.  1  and  3.  A  gage  length  of  2 
inches  was  used  in  all  cases  and  the  deformation  measuring  apparatus 
was  the  same  as  that  used  in  the  tension  tests.  Care  was  taken  to 
square  off  the  ends  of  the  specimens  in  the  lathe  so  that  they  were 
smooth  and  perpendicular  to  the  axis  of  the  specimens.  Each  speci- 
men was  carefully  centered  in  a  100000-lb.  Riehle  universal  testing 
machine  by  means  of  a  templet ;  spherical  seated  bearing  blocks  were 
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used.  The  testing  macliine  had  been  calibrated  over  the  range  used 
in  these  experiments  and  for  a  considerable  number  of  tests  it  was  the 
same  machine  as  was  used  for  the  tension  tests.  The  length  of  speci- 
men used  (31/2  inches  to  4  inches)  corresponds  to  a  slenderness  ratio 
value  of  19  to  21.  In  most  cases  the  specimen  failed  as  a  flat-ended 
cohmm  (see  Fig.  3).  It  is  felt  that  with  the  very  careful  centering 
the  real  elastic  strength  of  the  material  was  developed  in  all  cases 
although  the  ultimate  compressive  strength  showed  considerable  varia 
tion. 

7.  Torsion  Tests. — After  some  preliminary  study  and  experi- 
menting, a  torsion  test  of  a  cylindrical  specimen  was  decided  upon 
as  being  the  most  satisfactory  means  for  determining  the  elastic  shear- 
ing strength  of  the  material.  Both  solid  and  hollow  cylindrical  speci- 
mens were  used.  The  small  hollow  specimen  (see  Figs.  1  and  3)  were 
made  with  three  different  dimensions  of  the  wall  thickness  for  several 
of  the  materials ;  namely,  1/32  inch,  1/16  inch,  and  1/8  inch  (approxi- 
mate dimensions),  the  nominal  inside  diameter  being  I/2  inch  for  each 
specimen.  A  wall  thickness  of  1/32  inch  makes  it  possible  to  deter- 
mine, very  closely,  the  true  elastic  shearing  strength  of  the  material. 

In  the  case  of  soft  steel,  large  solid  and  hollow  specimens  were 
made  from  the  3y2-inch  bar  in  addition  to  the  small  specimens  already 
described.  These  large  specimens  were  14  inches  long  with  a  gage 
length  of  5  inches  and  with  a  length  of  8  inches  between  shoulders. 
The  diameter,  between  shoulders,  of  the  first  large  specimens  made 
was  2%  inches  for  both  the  solid  and  the  hollow  specimens.  From  the 
results  of  the  tests,  however,  it  was  at  first  thought  that  the  specimens 
were  not  long  enough;  hence  one  solid  specimen  was  made  20  inches 
long  and  tested,  but  the  results  showed  no  effect  due  to  the  changed 
length.  Three  solid  specimens  were  then  made,  1%  inches  in  diameter, 
for  which  the  load  on  the  machine  at  the  yield  point  would  be  about 
the  same  as  for  the  hollow  specimens.  The  effect  of  this  change  is 
discussed  later.  The  large  hollow  specimens  were  made  in  two  sizes ; 
namely,  with  a  wall  thickness  of  i/g  inch  and  an  outside  diameter  of 
2%  inches  and  with  a  wall  thickness  of  3/16  inch  and  an  outside  di- 
ameter of  2%  inches,  as  shown  in  Fi.o-s.  2  and  3.  In  testing  the  former, 
plugs  had  to  be  fitted  into  the  ends  to  keep  the  ends  from  collapsing 
in  the  grips,  while  in  testing  the  latter  this  method  was  not  necessary. 
The  ratio  of  the  wall  thickness  of  the  hollow  specimens  to  the  diameter 
for  the  thinner  walled  specimens  is  about  the  same  for  the  large  speci- 
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mens  as  for  the  small  ones,  the  value  of  the  ratio  being  approximately 
1  to  20. 

All  of  the  large  specimens  were  tested  in  a  230  000-ineh-pound 
Olsen  torsion  testing  machine,  while  the  small  specimens  were  tested 
in  a  Riehle  hand  power  pendulum  torsion  testing  machine.  A  special 
light  pendulum  was  used  in  the  Riehle  machine  for  the  hollow  thin- 
walled  specimens  and  special  apparatus  was  made  for  measuring  the 
load.    Both  torsion  machines  were  calibrated  carefully. 

All  of  the  small  specimens  from  the  3i/^-inch  bar  of  soft  steel  were 
made  by  first  cutting  a  14-ineh  length  of  the  bar  longitudinally  into 
quarters  and  turning  the  small  specimens  from  one  or  more  of  the 
quarters. 

The  apparatus  for  measuring  the  deformation  in  the  torsion  tests 
is  shown  in  Fig.  4.  Both  a  1/1000-inch  and  a  1/10  000-inch  dial  were 
used  on  each  apparatus,  so  that  a  considerable  range  in  sensitiveness 
was  obtained  to  suit  the  variations  in  wall  thickness,  etc. 


16  ILLINOIS   ENGINEERING  EXPERIMENT  STATION 


III.     Experimental  Data  and  Discussion 

8.  Criteria  of  Elastic  Stretigth.^-'Perha-ps  the  best  indication  of 
the  elastic  strength  of  a  material  is  the  elastic  limit ;  that  is,  the  greatest 
unit-stress  which  the  material  can  resist  without  taking  a  permanent 
set.  The  process  of  determining  the  elastic  limit,  however,  is  so  long 
that  it  was  considered  impracticable  for  the  purposes  of  this  investiga- 
tion. 

For  the  purpose  of  the  comparison  of  the  elastic  strengths  of 
various  materials  or  of  the  same  material  under  different  types  of 
stress  any  one  of  several  unit-stresses  as  represented  on  the  stress- 
strain  curve  may  be  used.  Three  such  points  on  the  stress-strain 
curve  are  used  in  this  investigation;  namely,  the  proportional  limit 
(sometimes  called  proportional  elastic  limit),  the  yield  point,  and  a 
point  between  the  proportional  limit  and  the  yield  point  called  the 
semi-elastic  point  or  the  useful  limit  point.  It  is  assumed  that  elastic 
action  only  takes  place  until  the  proportional  limit  is  reached,  while 
plastic  action  only  occurs  at  the  yield  point.  Any  point  on  the  stress- 
strain  curve  between  the  proportional  limit  and  the  yield  point  cor- 
responds to  an  action  in  the  material  which  is  partly  elastic  and  partly 
plastic.  Several  arbitrary  methods  have  been  proposed  for  conveni- 
ently locating  such  a  point.  The  semi-elastic  point  or  useful  limit 
point  used  in  this  investigation  is  defined  as  the  uiiit-stress  at  which 
the  rate  of  deformation  is  100  per  cent  greater  than  at  zero-stress. 
This  point  was  used  by  the  Committee  of  the  American  Society  of  Civil 
Engineers  in  the  analysis*  of  the  tests  of  large  built-up -columns  and 
is  very  similar  to  Johnson's  apparent  elastic  limit. t  In  Fig.  5  the 
point  U  represents  the  useful  limit  point  which  is  found  by  first  lay- 
ing off  KN  equal  to  two  times  KM  and  then  drawing  a  line  parallel 
to  ON  tangent  to  the  stress-strain  curve,  the  point  of  tangency  being 
U.    Fig.  5  also  shows  the  proportional  limit  and  yield  point. 

In  the  study  of  the  elastic  failure  of  the  materials  tested,  the  three 
criteria  of  elastic  strength  mentioned  above  (porportional  limit,  useful 
limit  point,  and  yield  point)  taken  together  furnish  a  safer  guide 
than  any  one  alone.    The  elastic  strengths  of  the  materials  tested  as 


*Proc.  A.  S.  C.  E:  Dec,  1917. 

t Johnson:    The  Materials  of  Construction,  p.   10,   1918. 
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S/Ta/n 
Fig.  5.     Typical  Stress-Strain  Diagram  Showing  the  Useful  Limit  Point 


indicated  by  each  of  these  three  criteria  for  tension,  for  compression, 
and  for  shear  are  given  in  Tables  3,  4,  and  5  for  the  individual  speci- 
mens while  the  averages  are  given  in  Table  6. 

9.  Shearing  Strengths. — As  has  already  been  stated,  the  elastic 
strength  in  shear  was  found  from  tests  of  solid  cylindrical  torsion 
specimens  and  from  thin-walled  hollow  cylindrical  specimens. 

It  has  been  commonly  recognized  that  the  yield  point  in  shear 
as  found  from  the  test  of  a  solid  cylindrical  torsion  specimen  does  not 
represent  the  correct  shearing  yield  point  of  the  material  since  all  of 


18 


ILLINOIS   ENGINEERING  EXPERIMENT  STATION 


Table  3 
Results  of  Tension  Tests 

Gage  length  2  in.     Diameter  M  in-  except  as  noted.     Stress  in  lb.  per  sq.  in. 


Material 

Mark 

Propor- 
tional 
Limit 

Useful 

Limit 

Point 

Se 

Yield 
Point 

Ulti- 
mate 
Strength 

Su 

Elonga- 
tion 
Per 
Cent 

Reduc- 
tion 

of  Area 
Per 
Cent 

Soft  steel 
(diameter  ?i  in.) 

M3-ld 
M3-T 
M3-2d 
M3-3d 

Average 

21000 
22  500 
20  500 
20  000 

24  000 
27  000 

24  000 

25  000 

29  000 
29  000 
28  000 
27  500 

56  100 
53  100 
56  000 
56  200 

30.0* 
50.0 
27.0* 
29.8* 

50.6 
57.6 
53.5 
55.5 

21000 

25  000 

28  400 

55  400 

28.9* 

54.3 

Mild  steel 

3 
11 
15 

7 

Average 

33  000 
33  000 

32  000 

33  000 

33  000 
33  000 

32  000 

33  000 

33  000 
35  500 

32  500 

33  500 

.54  900 
55  500 
55  000 
54  300 

45.3 
42.0 
44.0 
43.5 

68.8 
70.0 
69.0 
63.8 

32  800 

32  800 

33  600 

54  900 

43.7 

67.9 

Medium  steel 

4-3 
4-7 

Average 

46  000 
44  000 

46  000 
44  000 

46  500 
45  000 

77  900 

78  100 

33.5 
33.5 

57.6 
57.6 

45  000 

45  000 

45  800 

78  000 

33.5 

57.6 

Vanadium  steel 

V-1 
V-3 
V-7 
V-15 

Average 

53  500 
53  000 
50  000 
53  500 

56  000 
54  500 

56  000 

57  000 

60  500 
59  000 
59  000 
63  000 

109  500 
108  000 
108  000 

110  000 

25.0 
23.5 
23.5 
15. 6t 

50.8 
50.8 
52.0 
34. 5t 

52  500 

55  900 

60  400 

109  000 

24.0 

51.2 

Nickel  steel 

Stress  parallel  to  direction  of 
rolling 

P-1 

P-2 

Average 

35  500 
38  500 

39  000 

40  000 

47  000 
47  000 

87  800 

88  000 

28.5 
28.0 

57.5 
55.2 

37  000 

39  500 

47  000 

87  900 

28.3 

56.4 

Nickel  steel 

Stress  perpendicular  to  direc- 
tion of  rolling 

C^l 

C-2 

C2-ld 

Average 

39  000 
41000 
36  500 

40  500 

41  500 
40  000 

47  000 

48  000 
48  000 

86  500 
8S  100 
88  500 

17.5 
24.0 
22.5 

36.0 
51.2 
30. Of 

38  800 

40  700 

47  700 

87  700 

21.3 

39.0 

Chrome-nickel  steel 

1^3 

5-C 

L-5 

8-C 
L8-ld 
L8-2d 

Average 

33  500 
30  500 
38  000 
28  000 
33  000 
36  500 

33  300 

35  000 
32  500 
38  000 
30  500 

35  000 

36  500 

38  000 

35  500 
38  oOO 

36  000 

37  500 

38  000 

64  500 
67  500 
66  700 

65  500 

64  500 

65  000 

39.5 
37.5 
38.5 
34.0 
37.5 
38.0 

62.8 
58.8 
60.5 
64.0 
61.2 
61.6 

34  600 

37  300 

65  600 

37.5 

61.5 

♦Gage  length  8  in. 
tBroke  in  punch  mark. 
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Table  4 
Results  of  Compression  Tests 

Gage  length  2  in.     Approximate  diameter  ?^  in.     Length  of  specimen  Z]^  i'l-  to  4  in.     Stress 
ia  lb.  per  sq.  in. 


Material 

Mark 

Proportional 
Limit 

Useful  Limit 
Point 

Se 

Yield 
Point 

Ultimate 
Strength 

Su 

Soft  steel 

M-C 

M-10 

M-S 

M-11 

M-T 

M.12 

Average 

25  500 
29  000 

26  000 

27  000 

26  500 

27  000 

25  500 
29  000 

26  000 

27  500 

26  .500 

27  000 

26  200 
29  000 

27  200 
29  000 

27  000 

28  500 

46  400 
54  000 
45  000 
54  200 

47  400 
70  000 

26  800 

26  800 

27  800 

52  800 

Mild  steel 

4 

8 
12 
16 

Average 

36  000 
36  000 
32  000 
35  000 

36  000 
36  000 
32  500 
35  000 

37  000 
36  500 
35  000 
35  500 

56  000 
61  000 
54  200 
58  700 

34  800 

34  900 

36  000 

57  500 

Medium  steel 

4-4 
4-8. 

Average 

37  000 
45  500 

40  000 
45  .500 

46  000 

47  000 

80  800 
82  300 

41  300 

42  800 

46  500 

81  600 

Vanadium  steel 

V-4 

V-8 

V-12 

V-1-0 

V-16 

Average 

56  000 
56  000 
56  000 
52  500 
51  000 

57  500 

58  500 
58  500 
55  000 
57  000 

64  000 

64  000 

65  000 
64  000 
63  500 

103  500 
111  500 

96  500 
106  000 

87  000 

54  300 

57  300 

64  100 

101  000 

Nickel  steel.  Stress  parallel 
to  direction  of  rolling 

P-3 
P-4 
P-C 
P-D 

Average 

42  000 
42  500 

36  000 

37  000 

46  000 

47  000 
40  000 
38  000 

49  000 

50  500 
48  500 
48  500 

65  200* 
99  500 
79  000 
86  600 

39  400 

42  800 

49  100 

88  400 

Nickel  steel  Stress  perpen- 
dicular to  direction  of  roll- 
ing 

C-A 
C-B 

C-4 
C-5 
C-6 

Average 

38  500 
38  500 
38  500 
37  500 
40  500 

43  000 
41  500 
40  .500 

40  000 

41  500 

47  500 

48  000 
50  000 
.50  000 
50  000 

89  500 
95  200 
92  500 
71  OOOt 
61  OOOt 

38  700 

41  300 

49  100 

92  400 

Chrome-nickel  steel 

L-3 
L5-ld 

5-E 

L-8 

8-H 
L5-2d 

Average 

36  500 

39  000 

37  600 
35  500 
37  000 

40  000 

37  500 

39  000 
37  600 

36  500 

37  000 

40  000 

41  000 
40  000 

38  500 

39  000 
38  500 

40  500 

63  400 
70  200 

65  700t 

57  800t 

37  600 

37  900 

39  600 

64  300 

*One  end  crushed,     t  Both  ends  crushed. 
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Table  5 

Results  of  Torsion  Tests 

Stress  in  lb.  per  sq.  in.    d  =approximate  outside  diameter  in  inches 
( =approximate  wall  thickness  in  inches. 
I  =gage  length  in  inches. 


Material 

Type  of 

Mark 

Proportional 

Useful  Limit 

Yield 

Modulus  of 

Specimen 

Limit 

Point 

Point 

Rupture 

Sp 

Se 

Sy 

Sr 

Small  solid 

M-30* 

15  400 

15  400 

17  400 

M-3-0 

15  400 

18  300 

19  900 

d=ys 

M-l-D 

14   100 

14  900 

16  800 

M-2-D 

13  900 

15  400 

18  500 

1=2 

M-3-D 

14  600 

14  600 

15  800 

31 

14  000 

16  500 

18  600 

60  500 

33 

13  600 

16  000 

18  500 

62  500 

34 
Average 

14  400 

17  700 

19  000 

61  500 

14  400 

16  100 

18  100 

61  500 

Small  hollow 

MS-1 

12  300 

13  600 

19  200: 

MS-2 

11  600 

13  400 

19  200t 

d=y8 

MS-3 

10  300 

12  700 

17  OOOt 

<=V32 

35 

10  700 

15  500 

21   loot 

30  2001 

37 

11  600 

17  000 

23  400t 

u 

d 

1=2 

38 
Average 

13  400 

16  900 

21  800t 

32  OOOIT 

11  700 

14  900 

20  300{ 

:s 

Large  solid 

M-1-1 

12  300 

14  500 

20  200 

s 

M-4-3 

12  900 

14  800 

20  500 

d=23^ 

M-6-2 

13  200 

15  500 

20  200 

M-S-10 

14  000 

14  400 

20  400 

o 

.2 

1=5 

M-E-0 
Average 

18  600 

19  400 

20  800 

o 

14  200t 

15  700t 

20  400 

Large  hollow 

M-2-1 

14  300 

16  700 

18  500 

d=2yg 

M-5-2 

14  200 

16  100 

18  100 

t=H 
1=5 

M-7-3 
Average 

14  300 

16  100 

17  800 

14  300 

16  300 

18  100 

Medium  solid 

MM 

17  500 

18  500 

19  300 

59  200 

d  =  lH 

MM-0 

16  500 

18  200 

19  100 

1=5 

ME-0-1 
Average 

16  000 

17  700 

18  900 

16  700 

18  100 

19  100 

Medium  hollow 

MM-1 

15  900 

16  800 

17  800 

42  OOOH 

d=2ys 

MM-2 

16  000 

17  600 

18  500 

1=5 

MM-3 

Average 

17  600 

18  400 

19  200 

16  500 

17  600 

18  500 

*Gage  length  8  Ln. 

tResults  in  error  as  explained  in  Section  9. 


JYield  point  not  well  defined 
llCollapssd. 
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Table  5 — (Continued) 
Results  op  Torsion  Tests 


Stress  in  lb.  per  sq.  in. 


d  =  approximate  outside  diameter  in  inches. 
t  =  approximate  wall  thickness  in  inches. 
I  =gage  length  in  inches. 


Material 

Type  of 
Specimen 

Mark 

Proportional 
Limit 

Useful  Limit 
Point 
Se 

Yield 
Point 

Modulus  of 
Rupture 

Sr 

Solid 

14 

2 

6 
10 

Average 

22  700 
22  200 
24  200 
22  300 

22  700 
22  200 
24  200 
22  300 

23  800 

24  200 
24  200 
23  300 

63  400 
60  200 

22  900 

22  900 

23  900 

61  800 

SI 

.9.9 

Hollow 
d=0.8 

H 
K 

L 

N 

Average 

21  000 
21  000 

20  900 

21  200 

21  000 
21  000 

20  900 

21  200 

21  000 
21  000 

20  900 

21  200 

57  000 
57  200 

a  M 

21  000 

21  000 

21  000 

57  100 

2  c 
ii  .2 

Si  53 
2 

Hollow 
d=Vs 

1 
5 
9 
13 

Average 

22  600 
20  500 

20  600 

21  600 

22  600 
20  500 

20  600 

21  600 

23  600 
22  100 

22  900 

23  000 

47  600* 

% 

21  300 

21  300 

22  900 

Hollow 
d=0.56 

«=%2 

A 
B 
C 
D 
E 

Average 

20  000 

20  100 
19  200 
19  800 
19  400 

20  000 
20  100 
19  200 
19  800 
19  400 

21  800 
21  400 
20  500 

20  500 

21  200 

55  OOOt 
33  000* 

19  700 

19  700 

21   100 

—  ^ 

Solid 

d=y& 

4-2 
4-6 

Average 

30  900 

31  800 

31  600 
31  800 

33  800 
33  800 

33  800 

79  300 

%  IN 

31  400 

31  700 

.3  m 
T3  •" 

^    03 
O 

Hollow 
d=% 

4-1 
4-5 

Average 

27  100 
26  600 

27  600 
27  400 

29  300 
29  700 

56  500* 
69  200t 

26  900 

27  500 

29  500 

♦Collapsed. 


tSheared,  rod  filled  center. 
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Table  5 — (Contintted) 
Restjlts  of  Torsion  Tests 

Stress  in  lb.  per  sq.  in.   d  =approximate  outside  diameter  in  inches. 
i  =approriniate  wall  thickness  in  inches 
I  =gage  length  in  inches. 


Material 

Type  of 
Si)ecimen 

Mark 

Proportional 

Limit 

Sj, 

Useful  Limit 
Point 

Se 

Yield 
Point 

Modulus  of 
Rupture 

Sr 

Solid 

V-2 

V-10 

V-6 

V-14 

V-l-V 

V-2-V 

Average 

32  400 
32  200 
35  600 

34  200 
37  700 

35  100 

36  000 
33  800 

37  600 
37  300 
39  400 
39  200 

42  600 

43  000 

44  000 

45  000 

46  500 
46  500 

109  000 

102 '666 

34  500 

37  200 

44  600 

105  800 

XI 

6 
^.5 

Hollow 
d=0.8 

V-B 
V-C 
V-20 
V-21 
V-22 

Average 

37  200 

36  200 
39  200 

37  200 
37  700 

37  200 

38  100 

39  200 
38  000 
37  700 

43  000 

42  500 

43  000 
42  000 
42  500 

96  000 

2-5 

37  500 

38  000 

42  600 

11 

is 

13 

HoUow 

t=^6 

V-1 
V-5 
V-9 
V-13 

Average 

36  000 
32  800 
27  800 
31  800 

38  000 
35  000 

33  000 

34  000 

43  000 
43  500 

41  500 

42  000 

74  300 

72  800* 

161  OOOt 

32  100 

35  000 

42  500t 

> 

Hollow 
d=0.56 

t=V32 

V-D 

V-E 

V-23 

V-24 

V-25 

V-3-V 

V-4-V 

V-5-V 

Average 

28  300 
28  000 
26  600 
•     32  000 
28  200 
28  400 
23  900 
25  500 

28  300 

28  000 

30  400 
37  000 

31  400 
34  000 

29  100 
29  500 

44  500 
40  500 
42  500 
50  000 
42  700 
39  800 
37  400 
37  600 

72  600t 
78  OOOt 

73  200t 

27  600 

30  900 

41  900t 

*Collapsed.     fSheared,  rod  filled  center.     J  Yield  point  not  well  defined. 
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Table  5 — (Continued) 
Results  of  Torsion  Tests 

Stress  in  lb.  per  sq.  in.    d  =approximate  outside  diameter  in  inches. 
I  =approximate  wall  thickness  in  inches. 
I  =gage  length  in  inches. 


Material 

Type  of 
Specimen 

Mark 

Proportional 
Limit 

Useful  Limit 

Point 

Se 

Yield 

Point 

Sy 

Modulus  of 
Rupture 

Sr 

g 
"o 

'0 
d 
0 

2 

ej 
D. 

1 

Solid 
d=yg 

C-1 
C-2 
C-3 

Average 

22  800 

25  700 

26  000 

25  800 
27  400 
27  600 

36  400 
36  800 

72  000 
77  500 

24  800 

26  900 

36  600 

74  800 

Hollow 

d=Vs 

t=Vl6 

C-4 
C-5 
C-6 

Average 

27  000 
23  500 
22  300 

27  000 
23  500 
26  700 

35  800 

34  400 

35  300 

64  OOOt 
73  500{ 

<u 

24  300 

25  700 

35  200* 

so 

o 

3 
a 

Hollow 
d=0.56 

C-5d 
C-6d 
Old 
C-.3d 

C-4d 
C-2d 

Average 

21  000 

21  500 
23  900 

22  300 

21  000 

22  300 

23  300 

24  800 
24  400 

24  000 

23  500 

25  700 

24  300 

34  200 
34  200 

34  800 
36  200 

35  500 

36  000 

22  000 

35  200* 

CI 

0 

i 
2 

Mi 

1! 
& 

ft 

1 

SoUd 

P-4 
P-5 

26  000 
26  000 

28  000 
30  000 

36  500 
40  500 

38  500* 

77  100 

(M 

26  000 

29  000 

1 

Hollow 

d=y8 

P-6 
P-7 

Average 

24  400 
24  200 

.  28  200 
27  200 

41  500 
37  000 

75  OOOt 

76  000 

S 

24  300 

27  700 

39  200* 

Hollow 
d=0.56 

P-8 
P-9 
P-10 
P-11 

Average 

Spoiled  in 
20  900 
20  600 
20  100 

testing 
23  700 
23  400 
23  400 

32  100 

31  500 

32  200 

20  500 

23  500 

32  000* 

"3  rt 

Solid 

L3-2d 
L3-ld 
L-5 
L-8 

Average 

24  100 
22  800 

24  100 

25  200 

24  700 

24  500 

25  200 

26  200 

26  300 

27  900 

28  000 
27  200 

62  200 

■3  J2 
0  M 

24  100 

25  200 

27  400 

.So 

Hollow 

d=y8 

t=Vl6 

L8 
L5 
L3 

Average 

23  800 
22  300 
22  300 

23  800 
22  300 
22  300 

24  800 

23  600 

24  300 

51  200t 
51  600t 

0 

22  800 

22  800 

24  200 

*  Yield  point  not  well  defined, 
t  Collapsed. 


{Sheared,  rod  filled  center. 
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the  fibers  do  not  reach  their  yield  points  at  the  same  time.  The  pro- 
portional limit,  however,  as  found  from  the  test  of  a  solid  cylindrical 
torsion  specimen  has,  rather  generally,  been  accepted  as  the  correct 
shearing  proportional  limit  of  the  material.  Obviously,  in  the  test 
of  a  solid  cylindrical  specimen,  it  is  assumed  that  the  first  deviation 
of  the  stress-strain  diagram  from  a  straight  line  can  be  detected  at 
the  instant  the  proportional  limit  of  the  outermost  fiber  has  been  ex- 
ceeded. With  thin-walled,  hollow  cylindrical  torsion  specimens  the 
shearing  stress  is  nearly  uniform  over  the  section  and  the  proportional 
limit  represents  very  closely  the  correct  proportional  limit  of  the 
material.  The  results  of  the  tests  given  in  Table  5  show  clearly  that, 
although  the  test  of  a  solid  cylindrical  torsion  specimen  is  very  satis- 
factory for  indicating  the  general  quality  or  character  of  the  material 
and  its  reliability  for  resisting  shear,  it  is  not  satisfactory  for  deter- 
mining the  real  elastic  shearing  strength  of  the  material. 

Table  7 

Relation  Between  Elastic  Shearing  Strengths  as  Found  from 
Hollow  and  from  Solid  Torsion  Specimens 


Ratio 
Shearing  Strength,  Hollow  Specimens 

Material 

Shearing  Strength,  Solid  Specimens 

Proportional 
Limit 

Useful  Limit 
Point 

Yield 
Point 

Soft 

Small  specimens 

.813 

.926 

1.12* 

Steel 

Large  specimens 

.857 

.900 

.947* 

Mild  steel 

.860 

.860 

.882 

Medium  steel 

.855t 

.868t 

.873 

Vanadium  steel 

.800 

.830 

.940t 

Nickel 

Stress  parallel  to  direction  of  rolling 

.886 

.904 

.962t 

Steel 

Stress  perpendicular  to  direction  of  rolling 

.790 

.810 

.832 

Chrome-nickel  steel 

.946t 

.905t 

.883 

*  Yield  point  of  hoUow  specimens  not  well  defined. 

t  Probably  from  5  to  10  per  cent  too  large  because  wall  thickness  of  hollow  specimens  was  i/ie  in. 
instead  of  Ygo  in- 

t  Yield  point  not  well  defined  for  either  solid  or  hollow  specimens. 

In  Table  7  are  given  values  of  the  ratios  of  the  elastic  shearing 
strength  as  found  from  tests  of  hollow  specimens  to  that  found  from 
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tests  of  solid  specimens,  the  elastic  streiigth  being  indicated  by  each 
of  the  three  criteria;  namely,  proportional  limit,  useful  limit  point, 
and  yield  point.  The  results  in  Tables  6  and  7  justify  the  following 
conclusions : 

(a)  The  shearing  proportional  limit  and  also  the  useful 
limit  point  obtained  from  tests  with  thin-walled  hollow  cylind- 
rical torsion  specimens  is  eight-tenths  to  nine-tenths  (0.8  to  0.9) 
of  the  proportional  limit  found  from  solid  cylindrical  specimens 
of  the  same  material  and  a  value  of  eighty-five  hundredths  (0.85) 
may  be  taken  with  reasonable  accuracy  for  the  ratio  of  the  elastic 
shearing  strength  found  from  thin-walled  hollow  specimens  to 
the  similar  strength  obtained  from  solid  specimens. 

(b)  The  yield  point  obtained  from  hollow  thin-walled  tor- 
sion specimens  is  eighty-five  hundredths  to  nine-tenths  (0.85  to 
0.9)  of  the  yield  point  found  from  solid  cylindrical  torsion  speci- 
mens of  the  same  material.  This  result  applies,  of  course,  only 
to  the  materials  which  have  a  well  defined  yield  point. 

The  elastic  shearing  strength  (Sp,  Se,  and  Sy  in  Table  5)  was  cal- 

Tc  . 
culated  in  each  case  from  the  usual  formula,  S=^r  in  which  T  is  the 

twisting  moment  (inch  pounds),  J  is  the  polar  moment  of  inertia 
(inch*),  and  c  is  the  radius  of  the  specimen  (inch). 

By  making  use  of  the  conclusions  stated  above  a  solid  cylindrical 
torsion  specimen  may  be  used  with  considerable  confidence  to  obtain 
test  results  from  which  the  true  elastic  shearing  strength  may  be  cal- 
culated for  steel  likely  to  be  used  in  general  structural  or  machine 
construction,  although  the  character  or  development  of  the  elastic 
breakdown  may  be  obscured  in  the  test  of  a  solid  specimen,  as  is  dis- 
cussed in  the  next  section.  The  test  results  from  a  solid  specimen 
may  also  be  used,  of  course,  to  judge  of  the  general  properties,  qual- 
ity, and  reliability  of  the  material. 

The  correct  value  of  the  ultimate  shearing  strength  of  a  material 
can  not  be  obtained,  of  course,  from  a  torsion  test  of  a  solid  specimen, 
although  the  modulus  of  rupture,  for  many  purposes,  is  a  satisfactory 
indication  of  the  general  quality  of  the  material  and  of  the  shearing 
resistance  against  rupture.  It  is  difficult  also  to  determine  the  ulti- 
mate strength  from  a  thin-walled  hollow  torsion  specimen  because  the 
specimen  fails  by  collapsing  (see  Fig.  3).    An  attempt  was  made  to 
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prevent  collapsing  by  filling  the  core  of  the  hollow  cylindrical  speci- 
men with  a  close  (but  not  tight)  fitting  rod.  It  was  found,  however, 
that  torque  was  transmitted  to  the  rod.  Two  rods  were  then  used,  one 
extending  in  from  each  end,  with  somewhat  better  results.  Although 
the  results  given  in  Table  5  on  this  point  are  not  sufficient  for  definite 
conclusions,  they  indicate  that  the  true  ultimate  shearing  strength  is 
from  eight-tenths  to  nine-tenths  (0.8  to  0.9)  of  the  modulus  of  rup- 
ture as  obtained  from  a  test  of  a  solid  cylindrical  torsion  specimen. 

It  will  be  noted  that  in  the  case  of  the  large  torsion  specimens  of 
soft  steel  there  seems  to  be  some  inconsistency  in  the  results  as  given 
in  Table  5.  For  instance,  the  proportional  limit  and  the  useful  limit 
point  is  less  for  the  large  solid  specimens  than  for  the  hollow  speci- 
mens; these  results  are  contrary  to  the  above  conclusions.  It  was 
found  that  binding  occurred  at  the  collar  of  the  roller  bearing  of  the 
stationary  head  of  the  torsion  machine,  particularly  at  the  relatively 
large  twisting  moments  required  for  the  large  solid  specimens.  This 
defect  was  remedied  and  the  diameter  of  the  remaining  solid  speci- 
mens was  reduced  to  l^^  inches  so  as  to  use  about  the  same  load  range 
on  the  machine  as  was  used  with  the  hollow  specimens.  The  results, 
therefore,  of  the  tests  with  the  large  solid  specimens  (diameter  2% 
inches)  are  not  considered  further. 

The  test  results  of  all  the  small  torsion  specimens  and  also  of  the 
large  specimens  of  soft  steel  show  that  the  wall  thickness  must  be  thin 
to  obtain  the  correct  elastic  shearing  strength  of  the  material.  The 
wall  thickness  of  the  medium  carbon  steel  and  of  the  chrome-nickel 
steel  specimens  was  1/16  inch.  From  the  torsion  tests  of  the  other 
materials  in  which  both  1/16-inch  and  1/32-inch  wall  thickness  were 
used,  it  appears  that  the  correct  shearing  strength  of  the  medium  steel 
and  the  chrome-nickel  steel  is  from  5  to  10  per  cent  lower  than  that 
given  in  Table  6.  The  ratios  as  given  in  Table  7  for  these  two  mater- 
ials are,  therefore,  probably  somewhat  too  large. 

10.  Characteristics  of  Elastic  Shear  Failure. — Ductile  steel  rods 
or  specimens  from  rolled  shapes  (any  specimens  from  pieces  which 
have  been  worked  considerably  in  the  forming  process)  when  tested  in 
tension,  show  a  rather  sudden  or  abrupt  elastic  breakdown  culminat- 
ing in  a  well  defined  yield  point.  Steel  which  has  not  been  worked 
much,  such  as  the  interior  material  of  large  rolled  bars,  does  not  show 
such  a  sudden  failure  but  gives  a  more  gradual  curve  for  the  stress- 
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strain  diagram  (see  Figs.  6  and  7  for  stress-strain  curves  for  the  soft 
steel  from  the  3^-inch  bar).  This  point  is  discussed  further  in  a 
later  section. 

The  elastic  shearing  failure  of  a  solid  cylindrical  specimen  of 
ductile  steel  when  tested  in  torsion  is  also  rather  abrupt  with  a  well 
defined  yield  point  (see  Fig,  8).  These  facts,  backed  by  the  maximum 
shear  theoiy,  by  the  form  of  a  tensile  fracture  (cup  shaped)  and  by  the 
slip-lines  produced  at  or  near  the  yield  point  under  repeated  load- 
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ing,  have  often  been  used  to  explain  the  elastic  tensile  failure  as  really 
a  shear  failure  over  an  inclined  section.  And  since  in  a  tension  test 
the  maximum  shearing  unit-stress  over  a  section  inclined  at  45°  is  one- 
half  of  the  tensile  unit-stress,  it  has  been  urged  that  the  elastic  shear- 
ing strength  may  best  be  found  from  a  tension  test.  Before  discussing 
the  experimental  data  from  which  the  ratios  between  the  elastic  shear- 
ing and  tensile  strengths  have  been  found  (see  next  section),  it  will 
be  well  to  examine  the  general  character  of  the  elastic  shear  failure 
as  indicated  by  the  stress-strain  diagrams  of  the  thin-walled  hollow 
torsion  specimens.  From  Figs.  6  to  9  which  are  representative  and 
typical  stress-strain  diagrams  for  some  of  the  materials,  it  will  be 
noted  that  in  most  cases  the  shearing  breakdown  of  elastic  action  of 
the  various  materials  is  very  gradual.  In  fact,  in  most  cases,  it  is 
more  gradual  than  the  failure  of  the  elastic  action  in  a  tension  speci- 
men. It  seems  difficult,  therefore,  to  account  for  a  tensile  elastic 
breakdown  as  a  failure  due  to  shear,  or  to  have  confidence  in  the  use 
of  a  tension  test  for  the  determination  of  the  elastic  shearing  strength 
except  for  an  approximate  value.  It  will  also  be  observed  that  the 
solid  torsion  specimens  show  a  more  abrupt  elastic  failure  than  a 
hollow  thin-walled  specimen  of  the  same  material;  this  fact  indicates 
that  the  proportional  limits  of  the  outer  fibers  have  been  somewhat 
exceeded  before  a  deviation  of  the  stress-strain  diagram  from  a 
straight  line  can  be  detected.  This  has  already  been  discussed  in 
the  section  on  Shearing  Strength.  The  stress-strain  diagrams  for 
the  medium  carbon  steel  and  for  the  nickel  and  chrome-nickel  steel 
(not  shown)  indicate  the  same  characteristics  as  are  shown  in  Figs. 
6  to  9.  It  appears,  therefore,  that,  contrary  to  the  usual  assumption, 
the  shearing  breakdown  of  elastic  action  of  ductile  and  semi-ductile 
steel  is  more  gradual  than  the  corresponding  tensile  or  compressive 
failure. 

11.  Ratio  of  Elastic  Shearing  Strength  to  Elastic  Tensile 
Strength. — Table  8  gives  the  ratios  of  the  elastic  shearing  strengths  to 
the  elastic  tensile  strengths  for  the  various  materials  tested,  the  elastic 
strengths  being  indicated  by  the  proportional  limits,  the  useful  limit 
points,  and  the  yield  points.  It  will  be  noted  from  a  study  of  Table  8 
that  the  shearing  proportional  limits  of  most  of  the  steels  tested  are 
from  fifty-five  to  sixty-five  hundredths  (0.55  to  0.65)  of  the  tensile 
proportional  limits  and  that  the  same  statement  may  be  made  in  the 
case  of  the  useful  limit  points.    The  two  materials  for  which  the  ratio 
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varies  most  from  the  average  are  the  soft  steel  (large  specimens)  and 
the  vanadium  steel.  Owing  to  the  fact  that  the  tension  specimens  of 
soft  steel  were  made  by  quartering  a  14-inch  length  of  the  3V2-iiicl:i 
bar,  they  contained  much  of  the  inner  or  "heart"  material  of  the 
large  bar,  while  the  large  hollow  specimens  contained  none  of  the 
"heart"  material.  It  is  doubtful,  therefore,  whether  the  tension  speci- 
mens should  be  considered  as  of  the  same  material  as  the  large  hollow 
specimens.  Greater  variation  also  was  noted  in  the  test  results  with  the 
soft  steel  specimens  than  with  the  other  materials  (see  section  13  for 
further  discussion).  In  connection  with  the  vanadium  steel  it  should 
be  stated  that  due  to  the  greater  hardness  of  the  vanadium  steel,  it 
was  more  difficult  to  produce  a  smooth  hole  in  drilling  out  the  center 
of  the  hollow  specimens  of  this  material  than  of  the  softer  materials. 
The  wall  thickness  as  measured,  therefore,  may  be  slightly  too  large, 
because  the  grooves  or  tool  marks  were,  perhaps,  not  properly  taken 
into  account.  If  this  statement  is  true,  the  values  of  the  ratio  for 
vanadium  steel  are  somewhat  too  small.  This  statement  may  also  ex- 
plain the  somewhat  greater  variation  in  the  values  of  elastic  strengths 
obtained  from  the  thin-walled  (1/32  inch  thick)  vanadium  specimens 
than  in  those  obtained  from  the  corresponding  specimens  of  most  of  the 
other  materials.  It  may  also  account  for  the  greater  difference  be- 
tween the  results  obtained  with  1/32-inch  and  1/16-inch  wall  thick- 
nesses for  vanadium  steel  than  for  the  other  steels.  It  is  possible,  how- 
ever, that  the  ratio  for  vanadium  steel  is  somewhat  lower  than  for  the 
other  steels  tested. 

With  these  facts  in  mind  it  is  felt  that  a  study  of  Table  8  justifies 
the  conclusion  that  the  elastic  shearing  strength  of  steel  likely  to  be 
used  in  general  construction  of  machines  or  structures  is  close  to  six- 
tenths  (0.6)*  of  the  elastic  tensile  strength,  instead  of  one-half  (0.5)  of 
the  elastic  tensile  strength  as  assumed  in  the  maximum  shear  theory  of 
combined  stress  as  expressed  by  Guest's  law.  In  other  words,  ductile 
or  semi-ductile  steel  will  not  suffer  elastic  breakdown  when  the  shear- 
ing unit-stress  developed  is  one-half  of  the  elastic  tensile  strength  of 
the  material;  hence  the  field  in  which  the  maximum  strain  theory 
may  hold  is  not  as  limited  as  would  be  the  case  if  the  elastic  shearing 
strength  were  one-half  of  the  tensile  strength.  The  influence  of  this 
fact  upon  the  design  of  machines  or  structures  under  combined  load- 
ing such  as  thick  cylinders,  flat  plates,  crank  shafts,  girders,  etc.,  can 

*The  value  of  six-tenths  is  also  found  by  Becker  with  biaxial  loading,  see  Bulletin  No. 
85,  p.  43,   Engineering  Experiment  Station,  University  of  Illinois. 
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not  be  discussed  here.  It  makes  possible  more  efficient  and  economical 
use  of  material,  under  certain  conditions,  than  would  be  the  case  if  the 
shearing  strength  were  one-half  of  the  tensile  strength. 

12.  Results  of  Earlier  Experiments. — Results  of  tests  of  various 
grades  of  steel  in  simple  tension  and  simple  torsion  made  by  Piatt  and 
Hayward,  by  L.  B.  Turner,  and  by  E.  L.  Hancock  are  given  in 
Table  9.  Piatt  and  Hayward  used  solid  bars  iy2  inches  in  diameter  for 
both  tension  and  torsion  tests.  The  yield  point  as  found  by  the  drop 
of  the  beam  was  used  as  the  elastic  strength  for  both  tension  and  tor- 
sion. Two  specimens  in  tension  and  three  in  torsion  were  used  for  each 
material.  Initial  strains  were  first  taken  out  by  repeated  loadings. 
Considering  the  method  of  determining  the  elastic  strength  and  the 
fact  that  the  elastic  strength  was  of  secondary  importance  in  the  in- 
vestigation, the  results  for  the  ratios  of  the  elastic  strengths  in  torsion 
and  in  tension  as  found  by  Piatt  and  Hayward  (Table  9)  agree  well 
with  the  values  of  the  same  ratio  as  herein  recorded  (Table  8). 

In  the  tests  by  Turner  the  specimens  of  mild  steel  with  0.15  per 
cent  C.  were  made  from  annealed  weldless  steel  tubes  with  an  outside 
diameter  of  1  inch  and  wall  thickness  of  0.022  inch  (No.  24  B.W.G.) 
for  both  tension  and  torsion  tests.  The  wall  thickness  was  not  measured 
for  each  specimen  but  an  average  thickness  was  determined  for  twelve 
short  (1  inch)  portions  cut  from  three  tubes  taken  at  random.  The 
mean  thickness  was  found  by  first  weighing  the  portions  in  air  and 
then  in  water.  There  was  considerable  variation  in  thickness  from 
point  to  point  around  a  section  of  a  cut  portion;  in  some  cases  an 
eccentricity  was  perceptible  to  the  naked  eye.  Considerable  variation 
in  thickness  was  shown  among  the  results  of  the  individual  specimens. 
Twenty-one  specimens  of  this  particular  material  were  tested. 

The  specimens  for  the  other  three  materials  tested  by  Turner  were 
solid  %-inch  rods  for  the  tension  tests  and  %-inch  rods  turned  down 
to  0.33-inch  diameter  for  a  length  of  3i/2  inches  for  the  torsion  tests. 
The  number  of  specimens  was  much  less  than  for  the  steel  tubing.  All 
of  the  specimens  were  annealed.  Nickel  steel  specimens  showed  the 
greatest  variation  in  the  results  of  the  individual  specimens. 

The  yielding  of  all  the  specimens  was  very  sudden.  In  all  cases 
the  proportional  limit  and  the  yield  point  coincided.  This  result  is 
quite  contrary  to  the  results  found  in  the  tests  which  have  already 
been  explained  in  this  bulletin. 
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■When  the  method  of  determining  the  wall  thickness  of  the  hollow 
specimens,  the  small  size  of  the  solid  torsion  specimens,  and  the  differ- 
ence in  the  method  of  experimenting  are  considered,  the  ratios  of  the 
elastic  strengths  in  torsion  and  in  tension  as  found  by  Turner  (Table 
9)  are  in  fair  agreement  with  the  values  of  the  same  ratio  as  found 
from  the  tests  herein  described  (Table  8). 

The  results  of  the  tests  by  Hancock  show  considerable  variation. 
No  description  of  the  material  is  given  other  than  its  name  in  Table  9 
and  nothing  is  stated  as  to  the  kind  or  number  of  specimens  used  or 
the  method  of  testing  except  that  the  proportional  limit  was  used  as 
a  measure  of  the  elastic  strength.  The  results  indicate  a  fair  agree- 
ment with  the  results  herein  recorded  for  most  of  the  materials,  al- 
though the  low  values  for  the  ratio  of  shear  (torsion)  to  tension  for 
some  of  the  materials  is  not  found  by  any  of  the  other  experimenters. 

The  values  for  the  ratio  of  the  elastic  strengths  in  tension  and  in 
shear  as  indicated  in  tests  with  combined  loading  have  not  varied  much 
from  0.6.  Becker*  found  values  of  0.59  and  0.62  for  two  grades  ot 
steel  tubing.  Scoble'st  tests  are  the  only  ones  which  indicate  that  the 
ratio  is  less  than  0.5  and  his  criterion  of  elastic  strength  and  method 
of  experimenting  seem  somewhat  unusual. 

A  study  of  the  earlier  experiments  discussed  above  bear  out,  in  the 
main,  the  conclusions  already  stated  for  the  results  presented  in  this 
bulletin ;  namely,  that  the  elastic  shearing  strength  of  ductile  and  semi- 
ductile  steel  varies  but  little  from  six-tenths  (0.6)  of  the  elastic  tensile 
strength. 

13.  Ratio  of  Elastic  Tensile  Strength  to  Elastic  Compressive 
Strength. — The  elastic  strength  in  tension  and  in  compression  for 
ductile  steels  is  usually  considered  to  be  the  same.  This  assumption  is 
sufficiently  accurate  for  many  purposes.  In  the  problems  of  combined 
stress  and  in  built-up  compression  members,  however,  it  is  important 
to  know  accurately  the  relation  between  the  elastic  tensile  and  com- 
pressive strengths  and  particularly  to  know  how  the  strengths  are 
affected  by  mechanical  treatment  of  the  steel  such  as  the  amount  of 
working  during  the  rolling  process.  Tables  6  and  8  indicate  that  the 
elastic  compressive  strength  of  ductile  steel  is  somewhat  greater  than 
the  elastic  tensile  strength  except  in  the  case  of  soft  steel.  It  is  clear 
from  a  study  of  Table  8  that  the  amount  of  working  or  rolling  has  a 


♦Bulletin  No.  85,  Engineering  Experiment  Station,  University  of  Illinois. 
tPhilosopliical  Magazine,  May,  1906. 
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marked  effect  upon  the  elastic  tensile  and  compressive  strengths  of 
steel.  Table  8  indicates  that  steel  which  has  been  rolled  into  com- 
paratively thin  plates  or  small  shapes  has  an  elastic  compressive 
strength  approximately  5  per  cent  greater  than  the  elastic  tensile 
strength  whether  the  elastic  strength  is  judged  from  the  proportional 
limit,  useful  limit  point,  or  yield  point.  In  the  case  of  soft  steel  from 
the  31^-ineh  bar  which  represents  material  with  relatively  little  work- 
ing in  the  rolling  process,  the  compressive  proportional  limit  is  much 
greater  (27  per  cent)  than  the  tensile  proportional  limit,  while  the 
yield  point  in  compression  is  somewhat  less  (4  per  cent)  than  the 
yield  point  in  tension  (see  Fig.  6  and  Table  8).  It  appears,  there- 
fore, that  the  criterion  of  elastic  strength  may  be  of  much  importance, 
that  the  tension  test  so  generally  used  to  judge  of  the  elastic  properties 
of  steel  is  not  wholly  reliable,  and  that  it  may  be  necessary  to  resort  to 
auxiliary  compression  tests  for  material  to  be  used  under  certain 
conditions  of  combined  stress  and  for  critical  compression  members,* 
at  least,  until  test  results  and  the  treatment  received  by  the  material 
can  be  correlated  through  more  extensive  experimental  investigations. 
To  what  extent  the  increased  compressive  strength  due  to  rolling  may 
be  attributed  to  compacting,  causing  a  denser  material,  or  attributed 
to  the  arrangement  of  the  crystals  of  the  constituent  elements  in  steel 
or  to  other  factors  is  not  definitely  known.  The  problem  offers  op- 
portunity for  fruitful  experimental  work.  It  was  noted  that  the 
breakdown  of  elastic  action  in  compression  is  fully  as  gradual  as  that 
of  the  corresponding  tensile  failure  (in  most  cases  more  so)  except 
in  the  ease  of  soft  steel.  This  fact  suggests  that  compacting  of  steel 
may  be  an  important  factor  in  determining  its  strength.  The  maximum 
shear  theory  (Guest's  law)  of  the  breakdo^vn  of  elastic  action  assumes 
that  the  elastic  tensile  and  compressive  strengths  are  the  same.  The 
results  of  Table  8  give  further  evidence  that  Guest's  law  is  not  au 
accurate  interpretation  of  the  elastic  failure  of  all  ductile  steel. 

14.     Effect  of  Direciion  of  Boiling. — It  is  generally  recognized 
that  the  direction  of  rolling  of  hot-rolled  steel  influences  the  grain  or 


*In  the  tests  of  large  built-up  columns  conducted  by  Bureau  of  Standards  for  the  Com- 
mittee on  Steel  Colujnns  and  Struts  of  the  American  Society  of  Civil  Engineers,  (see  Proc. 
A.  S.  C.  E.  Dec,  1917)  it  was  found  that  the  columns  built  up  of  14 -inch  to  %-inch 
material  showed  a  considerably  lower  strength  in  most  cases  than  those  of  %-inch  material. 
Compressive  tests  on  specimens  sawed  from  the  thick  portions  showed  a  decrease  in  the  com- 
pressive yield  point  of  6000  pounds  per  square  inch  as  compared  with  the  tensile  yield 
point  of  the  same  material,  while  the  compressive  yield  point  of  specimens  sawed  from  the 
thin  portions  was  nearly  the  same  as  the  tensile  yield  point. 
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crystal  growth  or  formation,  by  making  the  grains  or  crystals  longer 
in  the  direction  of  rolling.  It  is  usually  assumed,  however,  that  the 
elastic  strength  of  the  material  is  not  affected  by  the  direction  of  roll- 
ing or,  in  other  words,  that  the  elastic  strength  is  the  same  in  all  direc- 
tions. Some  experimental  results  were  obtained  on  this  point  in  the 
case  of  nickel  steel.  As  already  stated  the  specimens  of  nickel  steel 
were  cut  from  a  rolled  slab  2  inches  thick  by  7%  inches  wide.  From  this 
slab  some  specimens  were  cut  with  their  longitudinal  axes  parallel  to 
the  direction  of  rolling  and  others  with  their  axes  perpendicular  to 
the  direction  of  rolling.  Specimens  whose  axes  are  parallel  to  the 
direction  of  rolling,  when  tested  in  torsion,  develop  shearing  stress 
perpendicular  to  the  direction  of  rolling  and  when  tested  in  tension 
and  compression,  of  course,  develop  stress  parallel  to  the  direction 
of  rolling,  while  the  reverse  is  true  for  the  specimens  whose  axes  are 
perpendicular  to  the  direction  of  rolling. 

The  results  given  in  Tables  3,  4,  5,  and  6  for  nickel  steel,  although 
not  entirely  consistent,  fail  to  indicate  any  systematic  influence  of 
tlie  direction  of  rolling  on  the  elastic  strength  of  the  material  either  for 
tension,  compression,  or  shear.  However,  the  ductility  as  measured  by 
the  ultimate  tensile  elongation  and  reduction  of  area  shows  a  marked 
effect  of  the  direction  of  rolling.  The  effect  on  the  ductility  is  also  very 
noticeable  in  the  appearance  of  the  fracture.  While  the  values  given 
in  Table  8  for  nickel  steel  seem  to  indicate  some  effect  of  direction  of 
rolling,  a  study  of  the  more  detailed  data  in  Tables  3  to  6,  reveals  little 
if  any  effect  on  the  elastic  strength.  The  ultimate  strengths  in  ten- 
sion, in  compression,  and  in  shear  also  show  no  influence  of  the  direc- 
tion of  rolling.  Whether  much  thinner  material  such  as  used  for 
boiler  plates,  rolled  sections,  etc.,  would  show  more  effect  of  the  direc- 
tion of  rolling  is  not  known. 


15.  Summary. — The  severe  uses  to  which  carbon  and  alloy  steels 
are  put  in  some  phases  of  engineering,  as  for  example,  in  automobile 
and  in  aeroplane  construction,  have  developed  a  need  for  more  detailed 
knowledge  of  the  action  of  steel,  both  within  and  beyond  the  elastic 
limit,  under  various  types  of  stress,  as  well  as  of  the  factors  which 
affect  the  physical  properties  of  the  material.  This  need,  in  time,  may 
require  some  modifications  in  the  tests  of  the  materials  and  in  the 
methods  of  interpreting  the  tests.  The  following  brief  summary  of 
the  chief  points  brought  out  by  this  investigation  are  offered  as  a  con- 
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tribution  toward  filling  part  of  this  need.  The  conclusions  apply  to 
hot-rolled  carbon  and  alloy  steels  which  are  representative  of  those 
likely  to  be  used  in  general  structural  and  machine  construction. 

(1)  The  correct  value  of  the  elastic  shearing  strength  of 
steel  as  measured  by  the  proportional  limit  or  the  useful  limit 
point  may  be  determined  from  a  torsion  test  of  a  hollow  thin- 
walled  cylindrical  specimen.  The  correct  value  of  the  yield 
point  in  shear  is  also  shown  in  the  test  of  a  hollow  thin-walled 
torsion  specimen. 

(2)  The  correct  value  of  the  elastic  shearing  strength  of 
steel  as  measured  by  the  proportional  limit  or  the  useful  limit 
point  may  be  taken,  with  reasonable  accuracy,  as  eighty-five 
hundredths  (0.85)  of  the  elastic  strength  obtained  from  a  tor- 
sion test  of  a  solid  cylindrical  specimen.  The  correct  value  of 
the  yield  point  for  the  more  ductile  materials  is  slightly  more 
than  eighty-five  hundredths  (0.85)  of  the  yield  point  obtained 
from  a  test  of  a  solid  torsion  specimen. 

(3)  A  solid  cylindrical  torsion  specimen,  therefore,  may  be 
used  to  obtain  test  results  from  which  the  correct  value  of  the 
elastic  shearing  strength  and  the  shearing  yield  point  of  steel 
may  be  calculated  by  the  use  of  a  correction  factor,  although  the 
character  or  progress  of  the  breakdown  of  the  elastic  action  may 
be  obscured  in  the  test  of  the  solid  specimen.  Test  results  ob- 
tained from  a  solid  specimen  may  also  be  used,  of  course,  to 
judge  of  the  general  properties,  quality,  and  reliability  of  the 
material. 

(4)  The  correct  value  of  the  elastic  shearing  strength  of 
steel  as  measured  by  the  proportional  limit  or  the  useful  limit 
point  is  from  fifty-five  to  sixty-five  hundredths  (0.55  to  0.65)  of 
the  elastic  tensile  strength  and  may  be  taken  with  reasonable 
accuracy  as  six-tenths  (0.6)  of  the  elastic  tensile  strength.  The 
maximum  shear  theory  of  the  failure  of  elastic  action  of  ductile 
steel  (sometimes  called  Guest's  law)  is,  therefore,  not  an  accu- 
rate statement  of  the  law  of  elastic  breakdown,  since  Guest's 
law  assumes  that  the  elastic  shearing  strength  is  one-half  (0.5) 
of  the  elastic  tensile  strength.  The  maximum  shear  theory  as 
expressed  by  Guest's  law,  however,  is  of  much  use  in  obtaining 
approximate  results. 
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(5)  Contrary  to  the  general  belief,  the  breakdown  of  the 
shearing  elastic  action  of  ductile  and  semi-ductile  steel  as  found 
in  these  tests  is  gradual ;  more  gradual,  as  a  rule,  than  the  failure 
of  elastic  action  in  a  tension  specimen. 

(6)  The  amount  of  hot-rolling  received  by  steel  may  have 
a  marked  effect  upon  the  relation  of  the  elastic  tensile  and  com- 
pressive strengths.  For  the  material  from  %-inch  and  %"i^c^i 
bars,  the  elastic  compressive  strength  is  somewhat  greater  (about 
5  per  cent)  than  the  elastic  tensile  strength  whether  the  elastic 
strength  is  measured  by  the  proportional  limit,  useful  limit 
point,  or  the  yield  point.  For  the  material  from  the  3i/2-inch 
bar,  the  compressive  proportional  limit  is  very  much  greater  (27 
per  cent)  than  the  tensile  proportional  limit,  while  the  com- 
pressive yield  point  is  somewhat  less  (4  per  cent)  than  the  ten- 
sile yield  point. 

(7)  It  appears,  therefore,  that  the  choice  of  the  criterion 
of  elastic  strength  may  be  of  considerable  importance  in  some 
cases,  and  that  the  usual  tensile  test  of  material  may  require 
supplementary  compressive  tests  or  a  better  correlation  between 
test  data  and  the  amount  of  treatment  received  during  rolling, 
before  the  elastic  properties  of  the  material  as  obtained  from 
tensile  test  data  can  be  relied  upon. 

(8)  The  elastic  strength  and  ultimate  strength  of  steel  in  ten- 
sion, in  compression,  and  in  shear  is  affected  little,  if  any,  by  the 
direction  of  rolling  in  the  case  of  a  slab  2  inches  thick,  although 
the  ductility,  as  measured  in  tension  tests  by  the  percentage  of 
elongation  and  percentage  of  reduction  of  area,  is  materially  less 
when  the  stress  is  perpendicular  to  the  direction  of  rolling  than 
it  is  when  the  stress  is  parallel  to  the  direction  of  rolling. 
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